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PREFACE 


The work described in this thesis relates mainly to the 
kinetics and mechanisms of ligand substitution reactions on 
complexes of Fe(II), Pe(III), Pd(ll) and Cd(ll) . Ligand sxabsti— 
tution reactions of coordination compounds involving substitution 
of multidentate ligands by monodentate as well as imiltidentate 
ligands have been investigated. The thesis consists of seven 
chapters whose contents are described hereunder. 

The first chapter is introductory and contains a brief 
survey of the earlier work reported in this area and the scope of 
present investigations. 

The second chapter describes the kinetics and mechanism of 
formation of mixed— ligand complexes as the ultimate product from 
the reaction of [Fe(Par) 2 ]^~^ with cyanide ion (Par =4-(2-pyridyl— 
a 2 o)resorcinol and n =s charge on Fe centre) . The reactions have 
been studied speetrophotometrically for both Pe(II) and Fe(III) 
complexes at 720 nm which is the of [Fe(Par)23^"'^ complexes. 

The reaction conditions for [Fe(Par) 2 ] “ CN reaction are* 
pH ** 11.5 + 0.02, I » 0.1 M and temp, a 25 + 0,1°C while for 
[Pe(Par)23"' *“ CN"" reaction arei pH =10,0 + 0.02, I = 0.1 M, 
temp, m 25 + O.l^C. The spectral scans of reaction mixture show 
that there is a continuous decrease in the peak height of 720 nm 
and 496 nm bands of [pe{ Par) 2 ]^"^ and formation of two new peaks 
at 490 and 460 nm in the later part of reaction due to formation 



of mixed ligand complex, [FePar (CN) ^ The stoichiometry of 
these mixed ligand complexes was found to be i:i:3 by the mole- 
ratio method for both Fe(ll) and Fe(IIl) systems. The order with 
respect to cyanide varies from two at low cyanide concentration 
to one at high cyanide concentration respectively. The rates of 
formation of [FeParCCN)^] increase with increase of pH between 
7.b to 11.5. These experimental observations lead one to propose 
a mechanism as given in equations (1) - (3) . Wow onward Par is 
further abbreviated as R. 

fast (1) 

r.d.s (2) 

fast .. (3) 

The dependence of rate on ionic strength confirms the second step 
as the rate determing one. No reverse reaction has been observed 
even in the presence of large excess of Par. In the forward 
reaction a complete displacement of Par from the iron centre does 
not appear to take place even when cyanide concentration is high . 

The third chapter is concerned with the kinetics and 
mechanism of two multidentate ligand exchange reactions on Pe(III) 
centre. The replacement of NTA (Nitrilotriacetic acid) and HEDTA 
9^- C2~Hydroxyethyl>^thylenediaminetriacetic acid) from Fedll) ion 


[FeR2j‘^”"^ + CN”" — — [PeR2(CN) 

[PeR2(CN) + Cn“ [PeR2(CN)2J^”'^ 

[FeR 2 (CN) 2 ]”~'^ + Cn” — ^ [FeR(CN) + R^' 
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by Par occurs in steps. The forward reactions i.e. [PeNTAj-Par 

and [PeHEDTA]~Par exchanges exhibit first order dependence in each 

reactant and overall second order. The rate of reaction is found 

to be highly pH-dependent . In the case of [PeNTA] —Par reaction, 

the rate increases upto pH 8.0 and then levels off, while in the 

case of [peHEDTA]-Par reaction, the rate increases with increase 

of pH in the range 9.0—11.25. There is no levelling of at higher 

pH but at lower pH levelling off occurs. This type of behaviour 

is explained on the basis of the reactivities of hydroxy forms of 

[PeNTA] and [PeHEDTA] as well as protonated forms of Par. It has 

been found that the reverse reactions between [Fe(Par)2]" and NTA 

or HEDTA follow first order dependence in each reactant and an 

inverse first order dependence in Par if the reverse reaction was 

carried out in presence of large excess of ligand i.e. NTA or HEDTA 

however. 

The dependence in ligand concentration was,^ound to be zero and 
first order at low and high concentrations of ligand. On the basisl 
of above findings, a three steps mechanism can be proposed (eqns. I 
4 to 6) . I 


[peL(0H)3” + hr" 


[RPeL]^““ + H 2 O 

fast 

. . (4) 

[RPeL]^" 





-2 

[FeR]+ + 

r .d.s. 

.. (5) 


K 

3 




[peR]"^ + hr" 

* — ^ 

[PeR2r + 

fast 

.. (6) 


The magnitudes of activation parameters support the proposed 


mechanism 



The fourth chapter deals with the kinetic behaviour of 
[cdR 2 ] and [PdR(OH) ] in their reactions with cyanide ions. The 
bis complex is not converted directly to cyano complex but first 
loses one Par molecule and cyanide ion assists this loss. The 
reaction conditions used for this reaction are: pH = 11.0 + 0.02, 

I = 0,1 M and temp. = 25 + 0.1*^C. The forward reactions were 
carried out in presence of large excess of cyanide ions. A plot 
of log (rate constant) versus log [cN showed a zero order depen- 
dence in cyanide at very low concentrations while a first order 
dependence at higher concentration of cyanide. The observed zero 
order in [cN ] indicates the release of one Par from [cd (Par)23^"* 
in a very slow step (eqn. 7) . The overall mechanistic scheme# for 
the reaction can be represented as 


[cdR2]^“ 


—2 > CdR + R 


4 


-CN 


+CN 


V. slow (7) 


[cdR2J^** + CN* 
[cdR(CN)]“ + CN* 
[cdR(CN)23^*~ + CN 

[cdR(CN)3]"- -H CN 


fast 





' 


^2 





=^3 



^-3 

"^4 




[cdR(GN) ]~ + R^* 

fast , . 

(8) 

[cdR(CN)2]^* 

fast .* 

(9) 

[cdRCCN)^]^'” 

. r.d.s. . * 

(10) 

O O' 

[cd(CN)^] + R 

fast , , 

(11) 
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However, in the reaction of [PdR(OH) ] with cyanide, the 
order with respect to cyanide concentration is found to be zero 
and first order at low and high cyanide concentrations respectively « 
This is interpreted to mean that OH is lost in the first step 
followed by steps similar to eqns. 9—11 given in the scheme above. 
The activation parameters and effect of pH have also been investi- 
gated. The former has been used to support the proposed mechanism. 

The fifth chapter contains the results of investigations on 
the multidentate ligand exchange reactions of square planar [PdIDA] 
with EDTA and TTHA. In these reactions, there is fast formation 
of a mixed ligand intermediate [pdIDA.L] [l = EDTA or TTHA) which 
decomposes slowly to give the respective products. The reaction 
conditions for these reactions are: pH =» 8.5 + 0.02, I = 0,2 M, 
temp. » 30 + 0.1°C for EDTA, while pH =* 8.0 + 0.02, I = 0.1 M, and 
temp, ss 30 + 0,1°C for TTHA reaction. Spectral scans confirm that 
the reaction takes place in two stages. The first fast step of 
the reaction was followed under pseudo— first— order conditions taking 
EDTA or TTHA in large excess. The second step was not influenced 
by the addition of EDTA or TTHA. Thus a two step mechanism consis- 
tent with these observations can be written: 


[PdIDA] + h 

> [pdIDA.L] 

.. (12) 

[PdIDA.L] 

^ PdL t IDA 

.. (13) 


In both cases the rate of reaction decreases with increase of pH 
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The sixth chapter is divided in two parts <. The first part 
describes the kinetics and mechanism of the decomposition of hydro- 
gen peroxide by the complex [ (trien) Fe (OH) 2 ]"^# which posseisses a ; 

• catalase— like ' activity, though of a lesser order than catalase 
itself* The reaction follows Michaelis— Menten type of behaviour* 

In presence of moderately high concentration of H 2 O 2 and at speci- 
fied conditions the initial rate is linearly related to [(trien)— 
Fe(0H)2]^ concentration. The reaction has been used for trace 
determination of Fe(III) in presence of many cations and anions by 
a catalytic kinetic method. Only Mn(ll) interferes to an appreciable! 
extent. : 

In the second part the kinetics of oxidation of DTPA (di- 
ethylenetriaminepentaacetic acid) by hexacyanoferrate (III) has been 
investigated at pH =* 10.5, I = 0,25 M and temp, = 35 + 0,1°C, The 
reaction exhibits first order dependence each in hexacyanoferrate (III, 
and DTPA, over all second order. The effect of pH, ionic strength 

I 

and temperature on the rate have been investigated. 

The seventh and last chapter gives a summary of the whole I 
work and suggestions for further investigations. The thesis contains I 
figures and tables wherever needed. Relevant references have 
been cited at the end of each chapter. | 
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CHAPTER - I 


INTRODUCTION 


I.l GENERAL 

Ligand substitution reactions of coordination compounds have 
been studied as intensively as any class of inorganic reactions. 
Substitution reactions involving replacement of a ligand in a 
complex by another ligand constitute an Important class of reactions 
of metal complexes which are of great utility in synthetic and 
analytical procedures. A considerable number of rate studies have 
been reported during the last forty years whicb have led to valuable 
clues for understanding of the mechanisms of such processes. These 
are the reactions for which a generalized equation (1) may be 
written as 

MX + > MX„ .Y + X ... (1) 

n n— ji • 

In this equation# M is a metal atom and X and Y are any two ligands . 
The substitution process not only involves ligand substitution but 
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also the replacement of a coordinated metal ion by another free 
metal ion in solution. In general, no change of oxidation state of 
the metal occurs during a substitution process. 

Although the kinetics of substitution processes have been 
studied with all the important stereo-chemistries but the most inten- 
sely investigated research relates to octahedral and square planar 
complexes* A very wide span of rates is found ranging from the 
extremely slow exchange of NH^ in aqueous ammonia solution with the 
[CoCNH^) complex ion (no change in 162 days)^ to the almost 
diffusion controlled exchange of H^O between [cu(H 20) g]^"^ and 
solvent water sec). An understanding of the kinetics 

of substitution can be important for defining the best conditions 
for a preparative or analytical procedure in coordination chemistry. 
The process is undoubtedly important in the reactions of metal or 
metal activated enzymes, for example, in the inhibition of the cata- 

4 

lytic function of metalloenzymes by ligands and the transport of 

5 

metal ions through cell membranes. 

A whole armoury of techniques which are to© well known to 
need mention, must be used to measure the substitution rate cons- 
tants. Metal ions or complexes that generally react rapidly 
(within matter of seconds) are termed labile, whereas if they substi- 
tute slowly taking minutes or longer for completion, they are called 
inert. ^ 

The substitution process permeates the whole realm of coordi- 
nation chemistry. It is not infrequently the first step in a redox 
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process or in a dimerization or a polymerization reaction. In 

11—21 

the past two decades several excellent monographs have appeared 

on the mechanisms of inorganic reactions and a significant drive 
has been made towards visualising the nature of a variety of inter- 
mediates and transition states in their pathways. In not too distant 
past, reactions of coordination compounds have been investigated to 
test various theories of chemical reactivity. Most of the early- 
kinetic studies on substitution were concerned with the inert Co (II) 
complexes which Werner had so well characterized and which undergo 
reactions at conveniently measurable rates. 

An earlier review by Taube on labile octahedral complexes of 

18-20 

transition metals and other reviews on their square planar complexes 
have appeared before. The collection of quantitative data for a 
large number of rapidly reacting bivalent and tetravalent transition 
TOtal complexes of the Vanadium-Zinc group had to await the develop- 
ment of flow methods as well as the invention of relaxation techni— 
gues. The conclusions were based mostly on the qualitative obser- 
vations taken from the literature. Nevertheless, important deducti- 
ons relating to reactivity vis-a-vis electronic configurations of ; 

the complexcd ions were made. For example, the base hydrolysis [ 

of pentaamine Co(III) ion has been used to study the effect of hydro-| 

24 25 26 ' 

static pressure , ionic strength and ion-pairing on the reaction; 

rates. [ 

The problem of demonstrating the involvement of a metal ion i 
in a biological reaction has always been a very difficult one, since ' 
the most important metals (such as the alkali metals, alkaline eairth 
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metals# and zinc) possess very few convenient 'handles'. It is well 
known that all living systems have a requirement for the so called 
'trace elements' # many of which are metals. It has been estimated 
that as many as 27 of enzymic reactions either require or are 
greatly enhanced by the presence of one or more metal ions. 

The study of many ligand substitution reactions provides the 

basis for understanding and utilization of reactions of analytical 
27—35 

interest. The concentration of Cd(Il) has been determined 

kinetically by the ligand substitution reaction between 1— (2— thia— 

zolylazo)— 2— naphthol complexes and EDTA. Similarly the concentra— 

2+ —7 

tion of Hg has been determined upto a lower limit of 10 M level 

by its catalytic effect on the substitution rate of cyanide in hexa- 
cyanoferratedi) by p-nitrosodiphenylamine. Determination of metal 
ions ' or ligands present in closely related mixtures has 

become possible by making use of the differences in the rates of 
ligand substitution reactions of metal ions coordinated with appro- 
priate ligands. Many metal ions have also been determined by a cata- 
lytic decomposition of some suitable compound. Such examples are the 

determination of Pe at ppm level in mixtures by the decomposition 

44 45 251 

of ^ 2^2 Pe (III) trien# * and Pe (III) Entrap 

(Entrap 53 Ethylenediaminetetrakis (methylphosphonic) acid). 

A well accepted method for elucidating the mechanism of ligand 
substitution on a metal ion is to compare the solvent exchange rate 
with the ligand substitution rate. After correction for ion-pair 
formation it has been found# at least for Co(II) and Nidi) , that 
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the dissociative mechanism suggested by Eigen and Wilkins is most 

consistent with the results. Grant and Jordan have suggested the 

same mechanism for water exchange rate of Pe(IIl)* For a solvent 

molecule in the coordination sphere of some of the most labile 

2 + 2 + 

transition metal ions such as 2n and Cu , these exchange rates 
can be measured by relaxation techniques, particularly NMR and 
ultrasonics, and may be distinguished from even shorter residence 
times of solvent molecules in the bulk of solvent. The solvent 
exchange rate studies have played a key role in enhancing our under- 
standing of substitution mechanisms. The hexa— coordinated structure; 

for and [crCRjOgl^* in water^®'*® as well as for 

r ” 1 3 “f 50 

[CoCnh^)^] in liquid ammonia have been deduced from solvent 
exchange kinetics. 

The kinetics and mechanism of the ligand substitution reacti- 
ons have been studied extensively as mentioned before, for octahe- 
dral complexes and to a lesser extent for square-planar complexes. 

."■■■■■ 51 . 

An excellent review on the octahedral sxibstitution of Ni(II) and 
52 

Pedll} complexes have been attempted recently and, therefore, i 

only a brief description is presented here. The kinetics and mecha— | 

53 ' 54 

nisms of reactions involving displacement of polyamines ' and ; 
polyaminocarboxylates^^ coordinated to Ni(Il) by the raonodentate 
cyanide ions have been studied extensively. The kinetics of exchange 
of mono, bis and binuclear complexes of Ni (II) and Pe (III) 
by the cyanide ions have been studied in our laboratory during the 
past few years. 
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Recently, a review has been presented by Cross on ligand 

siibstitution reactions of square-planar complexes. Metals, with low 

8 ^ 

spin d configuration, form four coordinated square— planar complexes. 

Of these, the Pt(Il) complexes have received maximum attention. 

They also serve as representatives of this geometry. Investigations 
on square-planar complexes of Rh(I), Ir(I), Pd(ll), Ni(II), Cu(II) 
and Au(ll) have been rather limited, and the measurement of their 
reaction rates usually recjuires flow methods. Recently, we have 
also contributed to the understanding of the kinetics and mechanism 
of substitution reactions of polyaminocarboxylato complexes of 

1.2 CLASSIFICATION OF SUBSTITUTION MECHANISMS i 

If a systematic classification is to be developed, some cate- 
gories must be imposed. A mechanistic analysis is based on the study; 
of reaction rates. It is convenient, therefore, to divide the task 
into two distinct phases. The first is the discoveary of the sequence 
of elementry steps by which a complicated overall reaction is accomp- 
lished and the second is the determination and rationalisation of 
the rate constants for the individual steps in terms of the rearrange* 
ments of electrons, atoms and bonds occuring during the course of 
reactions. The most natural division in mechanistic study is that 

I 

between stoichiometric and intimate mechanism, and it is perhaps ! 

equally natural to attempt categorizing from each of these points of i 

■ 1 

view separately* The classical categories of substitution mechanism 
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introduced in organic chemistry by Hughes and Ingold and later 

applied to ligand substitution processes were originally based on 

a feature of stoichiometric mechanism, viz., the molecularity of 

the rate-determining step of the reaction. 

According to Langford and Gray sxibstitution mechanism are 

classified into three categories: a dissociative path (d) or S 1 

N 

reaction (Hughes and Ingold) in which the leaving ligand is lost in 
the first step, producing an intermediate of reduced coordination 
number, an associative path (A) or Sj^2 reaction in which the enter- 
ing ligand adds in the first step, producing an intermediate of 
increased coordination number, and lastly the concerted path called 
interchange (I) . During interchange the leaving group is moving 
from the inner to the outer coordination sphere while the entering 
group is moving from outer to the inner sphere. An interchange 
process can be further subclassified as Associative interchange 
process (1^^) and Dissociative interchange process (l^) . 

1.3 LITERATURE SURVEY 

The kinetics and mechanisms of ligand substitution reactions 
of octahedral and square-planar complexes have been investigated 
mostly in the last forty years. The present survey covers mechanis- 
tic features of substitution reactions mainly of Fe(ll), PeClIl), 
Cd(II) and Pd(II) complexes. Occasional mention of complexes of 
other metals has been made for the sake of comparison. 
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1.3.1 Ligand Exchange Reactions 

The solvent molecules in a solvated ion can "be replaced by 
other ligands, which may occupy one (unidentate) or more (multi- 
dentate) of the solvent positions J for example, in the simple case 
of a neutral unidentate ligand L replacing H 2 O, 

+ L + H,,0 ... (5) 

n 2 . n— 1 2 

leading eventually to 

M(H20)l^^ + L + H 2 O ... <6) 

Infonnation on solvent exchange rates and their comparison 

with ligand substitution rates have been used for elucidation of 

80 

mechanism of substitution reactions. 

0*1 CYJ 

Solvent-ligand exchange rates on iron (III) complexes 

have been studied in some detail. The complexes [pe (H 2 O) and 

[Fe(dmso)g]3-^ undergo labile solvent exchange and anatlon reactions 

with various ligands. Recently, the rate of ligand substitution 

of tris (acetylacetonato) iron (III) with 2-thenoyltrifluoroacetone 

has been reported in organic solvents such as carbon tetrachloride 

96 

and benzene, but a definite mechanism has not been proposed so 
far. The kinetic parameters of the solvent exchange reactions of 
PeSg^ type complexes (S =: solvent) are compiled in Table 1. 1. The 
reactions listed therein exhibit a common trend in the values of 
activation parameters . 



TABLE—I.l. Activation parameters of the solvent exchange reactions of Fe(III) 
complexes at 25°C « 
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There is considerable evidence bo infer that the solvent path 

IOC 

for planar substitution involves a direct displacement by the solveni 
and it is to be expected that the contribution made by this path to 
the overall rate of reaction would increase with an increase in the 
coordinating ability of the solvent. Fig.I.l shows a plausible 
reaction sequence involving square pyramidal intermediates. Both, a 
solvent reaction (path I) and a nucleophilic reaction (path are 

shown. It can be seen that there is necessary formation of the 
aquo complex in the nucleophilic path before the nucleophile can 
enter the final product. General mechanism for the solvent exchange 
of Pd (II) complexes involving ion-pairing, is given in equation (7 i 

[Pd(L) (H2O) + x“ [Pd(L) (H20)^‘^. x“] 

k ‘ 

V 

[Pd(L)x]‘^ + H 2 O ... (7) 

Solvent exchange reactions of Pd (II) complexes have been 

10 ! 2***109 

studied by many authors. The rates and activation parameters 

■ ' 4 * ^ 

for the substitution reactions of Pd(Et^dien)X with halide ions in ; 

110 

various solvents are summarized in Table 1 . 2 . In protic solvents! 

the reactivity of Pd(Et^dien)X**' decreases as X is varied in the ' 

order Cl!> Br^ I* This reactivity order is due to a corresponding 

1 A 

increase in along the halo series. The values in aqueous 

and alcoholic solutions suggest an associative mechanism for the 





TABLE— 1.2. Rates and activation parameters for substitution reactions of Pd{Et.dien)X in 
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solvent substitution path. An associative mechanism is assumed to 
operate in the aquations of trans-CPdCNH^) 2Cl2]-trans-[pd{NH2) 2“ 

{ 0 H) 2 C 1 ] , and trans— [Pd (NH^) 2 (0^2) (NO2) . It may be obser\'‘ed that 

in different solvents the activation entropies are negative 
which is consistent with associative processes. Similarly, kinetics 
of the aquation of cis—Dichloro (ethylenediamine) palladium, trans— 
Dichlorobis (pyridine) palladium and trans— Dinitroamminepalladiiim in 
different solvents have been studied. 

Despite the wide distribution and importance of iron (II) there 
has been relatively little work on the substitution reactions of 
this ion especially when compared to other bivalent ions viz. ■ 

f 

11 4 

cobalt(Il), nickel(II) and manganese (II) . Ihe water exchange 

. 2 + 2 

rate on Pe( 0 H 2 )g was studied by Swift and connick and the results 

indicate that iron (II) and cobalt(Il) are of comparable lability. 

More recently, solvent— exchange rates have been reported for iron (II) 
in methanol, N,N-dimethylformamide, acetonitrile, and 
dimethylsulfoxide^^® 

A comparison of the kinetic parameters for ligand substitution 

219—122 

and solvent exchange is being used increasingly to diagnose 

123 

the dissociative ligand substitution mechanisms for first row 
dipositive transition metal ions. It is hoped that the present 
study will provide further understanding of substitution processes* 

Solvent exchange kinetics of Pe(ll) solutions of BMP and 
DMSO have been studied by NMR technique and the data are given in 


14 


117 119 

Table 1.3. The earlier studies by some workers ' in DMF and 

Me 2 SO^ seem to give unusually small activation enthalpies and very 

negative activation entropies. The results obtained in the study 

124 

by Punahashi and Jordan appear to be more in line with previous 
work on methanol, acetonitrile and water, but some questions must 

remain as to which values, if either, are correct. Although details 

1 1 6 

of the earlier work in DMF have not been published, it is interest* 

—1 A 

ing to note that the deviation of about 6 k cal mol from the AH^ 
reported in their paper is similar to the deviation reported with 
more recent studies on cobalt (II) and nickel(II).^^^' 

1.3.2 Formation Reactions of Complexes of Fe(Il), Fe(III), Cd(II) 
and Pd (II) 

An excellent review on the formation reactions of iron (III) 

52 

complexes has been attempted recently and, therefore, only a brief 

description is presented here. A generally accepted mechanism for 

127—129 

these complexes was proposed by Eigen and Tamm. For complexesl 

1 

of unidentate ligands it involves the formation of an outer sphere ! 
complex between a solvated metal ion and the incoming ligand follo- 
wed by loss of a solvent molecule from this outer sphere complex 
to give the desired complex. The mechanism can be extended to for- 
mation of complexes of bidentate ligands with the modification that 
ring closure may constitute the rate determining step. Some values 
of the observed rate constants some bidentate and 



11 


TABLE 1,3 o Summary of solvent exchange rate kinetics for Fe(Il) 


Solvent 

S 

1 

1 

' ’ " " " ' '1' ' ■ 

k ; 

S-" ; 

— 1 

k cal mol 

AS^ 

cal mol“^K“^ 

1 

1 Ref 

t 

DMF 


(1.7 + 0.3)xl0^ 

11.7 + 0.6 

9.2 + 2 

124 

DMF 


5.3 X 10^ 

5.3 

-15 

116 

Me2S0 


(1.0 + 0.2)xl0^ 

11 .3 + 0.6 

6.9 + 2 

124 

Me2S0 


1.0 X 10^ 

4.16 

-28.8 

118 

CH3OH 


5.0 x 10 '^ 

12.0 

3.0 

115 

CH-CN 

J 


5.5 X 10^ 

9.7 + 0.7 

0,3 + 2.2 

117 

H20 


3.2 X 10^ 

7.7 

-3 .0 

2 


7.7 


-3 .0 


2 
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polydentate ligands are suiranarized in Table Io4o Rate constants 

have been reported for the formation of several other complexes of 

iron(IIl)/ the results are given in Table 1.5. In general^ 

the hydroxo form of the metal seems to be the more important under 

the conditions used, but in the case of pyridoxal the major pathway 

is thought to involve Fe^ itself. The rate constants for the 

aq 

i 

formation of a series of iron < III) complexes lie in the range I—IOI 

_2 -I , s 2 + 

Ms, whereas the rate constants for Fe(OH) ion are larger, an< 
lie in the range 1 x 10^ -lx 10^ M~^s”"^. 

Kinetic and mechanistic studies of stibstitution reactions oj 
square planar metal complexes have been confined largely to those | 
substrates containing Pt(II) as the central metal ion, and enough i 
data has been accumulated so that the essential features of such . 
substitutions are thought to be understood. In general, the square 
planar complexes of Pd (II) and Ni(ll) are much more labile than 
analogous Pt(II) complexes. The relative reactivities of analogous 
Ni(Il), Pd(II) and Pt(II) complexes are approximately 10*^ 10^ \ 

1.^^^ One type of reaction| where a Pd (II) -Pt (II) reactivity compai 

son is not possible^ is that of substitution at [Pd( 0 H 2 ) i 

i 

Substitution reactions of this cation indeed provide a uniquely ; 
interesting example of complex formation from a square-planar aquo-| 

cation. 

. t: 

Pd(H„ 0 )?'‘‘ + x“ PdX(H,,0)t + HoO ... (8) 

2 4 -'s 2 3 2 \ 

(x" = Cl“ or Br") 
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TABLE 1.4. Rate constants and Activation parameters for the reaction 

2 + 

of Fe(OH) with some bidentate and multidentate ligands 

. o 

in aqueous solution at 25 C. 


Reaction 

1 

I 

t 

1 

^1 . 

7 7? 



1 B 




• "J- 

1 M s 



i k cal mol 

1 

cal K“'^mol ^ 



1 

* 

reCOH)^*^ 

4- 

H 2 IDA 

(2.5 

+ 0 . 3 )xl 0 ^ 

6.1 + 1.0 

•~"23 + 

3 

1 

J-eCOH)^’’’ 

4 - 

hida” 

( 8.8 

+ 0.9) xlO^ 

4.9 + 1,0 

-22 + 

3 


^e(OH)^'^ 

4- 

H^NTA 

(1.5 

+ 0 , 2 )xl 0 '^ 

9.9 + 1.0 

_ 5 + 

3 

1 ; 


+ 

h^nta” 

(5.6 

+ 0 . 6 ) xlO^ 

6.3 + 1.0 

-16 + 

3 

1 ; 


4- 

H.EDTA 

4 

(3.0 

+ 0 . 3 )xl 0 '^ 

7.3 + 1.0 

-15 + 

3 

1 : 

'eCOH)^"** 

4“ 

h.edta" 

( 1.1 

+ O.DxlO^ 

5.7 + 1.0 

-15 + 

3 

11 

•eCOH)^**" 

+ 

H^DTPA 

(5.3 

+ 0 . 6 ) xlO^ 


— 


%\ 


4- 

h,dtpa“ 

4 

( 1.6 

+ 0 . 2 )xl 0 ^ 




li 

e( 0 H) 2 + 

4* 

H/rart 

4 

(5.1 

X 10^) = 

7-6 

-16 


il 




( 2.8 

X 

— 

— 


li 

e<OH)^+ 

+ 

H_Tart 

0 

( 2.2 

X lo'*)® 

15.1 

13 


MW 




(0.7 

X 10*) 

— 

- 


13 

e(OH>^'^ 

4“ 

H.cit 

4 

(3.1 

X lO^)* 

5^4 

-24 


13 




(2.0 

X 


- 


13 


4 - 

H^Cit 

(2.6 

X 10*)* 

5*4 , . 

-24 


13 




(1 .5 

X 10*)*’ 
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=S Data at 20®C, b =* Data at 8°C, Pe(OH)^'** represents Fe (OH) (aq) - 
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The activation enthalpies and entropies for these reactions 
are given in Table 1.6. The activation entropies are negative, 
indicating an associative reaction mechanism. An associative 

mechanism is also proposed for the reaction of [Pd( 0 H 2 ) ^ with 

1 8 

aromatic amines. The formation reactions of a series of mono- 

dentate carbonate complexes of Pd (II) were investigated by Mahal and 
139 

Eldik. The kinetic data clearly indicate that these complexes 

are not formed by the CO 2 uptake mechanism (as expected in octahe- 
dral complexes) but via anation of the aquo complex. 

The rapid substitution of ligands into the inner hydration ; 

sphere of metal ions has recently been the subject of intensive i 

investigation. For the divalent transition metal ions especially, : 

a variety of techniques have been used leading to self consistent 

results in regard to the mechanism of substitution. Studies on 

Pe(Il) ion have, however, been relatively few in number. Table 1.7 

presents available data for the formation kinetics of complexes ofmorj 

dentate or multidentate ligands with Pe(Il) ion. Formation of the [ 

140 

Ferrous-Nitric Oxide complex by the reaction between Fe(II) and j 

i 

NO leads to a value of rate constant k_ s 3.3 x 10 s (k_ ss water i 

O O' i 

1 .': 

substitution rate constant) . By using nmr line-broadning techniques, ; 

2 2+ 1 

Connick and Swift were able to measure k^ for Fe directly. Their . 

14C 

value is in good agreement with the value calculated by Taube et al. 1 

' 1 : 

The results are, therefore, consistent with a substitution reaction 

. (! 

of iron (II) • The formation reactions of Pe(II) with many multiden- [ 
142,143 been studied extensively. Wilkins et al.^^^ I 


tate ligands 
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TABLE 1.6. Rate constants / activation enthalpies and activation 
entropies at 25°C for substitution reactions of 
palladium (II) complexes, (Aqua ligands excluded). 


I ' 

1 

1 

Process I 

L_ 

k, I 

-1 1 

M s 1 

AH^ 

Ic cal mol ^ 

1 

1 

1 

i cal 

i - - 

AS'^ 

—1 -1 

K "^mol 

2+ — 
Pd^^ + Cl - 

— >• PdCl"^ 

1.83 X lo"^ 

10 + 2 

-6 

+ 6 

2+ - 
Pd + Br - 

PdBr'^ 

9.2 X lo'^ 

10+1 

-3 

i 2 


2- 

2 




?dCl“ + Cl"" 

PdCl^ 

1.8 X 10 

10+1 

-15+ 3 


— ^ PdBr^“ 3.0 X 10^ 


MBr, + Br 
3 


8+1 


-17+ 3 



TABLE 1.7. Formation rate constants of Pe(Il) aquo ion with 
monodentate and multidentate ligands at 25*^C. 


Ligand 

1 

i 

k^, M ^s ^ 

t 

1 

; Ref. 

1 

- 1 - 

NO 


6.2 X 10^ 

140 

HF 


9.3 X 10^ 

141 

F~ 


1.4 X 10® 

141 

Phen 


5.6 X 10^ 

142 

Bipy 


1.6 X 10^ 

142 

Terpy 


8 X lo'^ 

142 

TPTZ 


1.3 X 10^ 

143 


f 
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have discussed the idea that the addition of any of these ligands I 

to the metal ion is controlled by the first attachment and that thi 

is followed by rapid complexation of the chelate. Further^ it is 

clear that the rate of the first step mainly depends upon the wateir- 

144 

exchange rate of the metal ion. The values of second order rate 

constants for the replacement of H 2 O by a variety of unidentate and; 

multidentate ligands for the reactions of cadmium(II) ion are given 

in Table 1.8, These reactions also follow same mechanism commonly 

proposed for the reaction of an aquated metal ion with a ligand to 

144 

form a metal complex. 

1.3.3 Dissociation Reactions 

The dissociation reactions of complexes are generally much 
slower than the formation reactions. Their mechanism also is accoun-t 
ted for by the mechanisms proposed for the formation reactions. In 
case of complexes of bidentate ligands, the rate constant will | 

depend upon opening of the chelate ring or sometimes rupture of the j 
second metal-ligand bond. Both these situations have been encoun- | 
tered with outgoing bidentate or multidentate ligand groups in 
literature. The presence of an acid generally enhances the dissoci- 
ation rate because protonation of released ligand stabilises the 

159'*— 16T 

intermediate relative to the fully coordinated form. 

The kinetics and mechanism of dissociation reactions of Fe(Il) 
have been studied in some detail. ' The rate of dissocia- 

tion of tris-(i# 10 phenanthroline) iron (II) complex has been studied 




TABLE 1.8;; Rate constants for raonodentate and multidentate 
ligands reacting with Cd(Il) ion at 25 C. 


Ligand I 

f 

-1 

s 

1 

1 

5 Ref • 

1 

1 

Br“ 

1 .4 

X 

10® 

145 

Murexide (10°C) 

1.1 

X 

10® 

146 

2~ 

HNTA 

2.1 

X 

10^ 

147 


4 

X 

10® 

46 


8 

X 

10=' 

148 

Phen (I2°c) 

5 

X 

10® 

142 

Terpy 

3 .2 

X 

10® 

142 

PADA <15°C} 

1 .3 

X 

lo"^ 

149 

H2EGTA^“ 

1.5 

X 

10® 

150 

NTA^“ 

2 

X 

10^° 

148 


4 

X 

10^ 

151 


2.5 

X 

10^ 

147 

HEDTA^"" , 

4 

X 

lo" 

152 


2*6 

X 

10® 

153 


8 

X 

O 

00 

154 


6.4 

X 

10® 

155 

HEGTA^” 

1 

X 

10® 

150 

HCyDTA^- 

1.1 

X 

10® 

156 

# 

1.4 

X 

10® 

157 

hCi.3*-pdta)^“ 

4,1 

X 

10® 

158 

HEDDA^- 




158 
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by a number of investigators in acidic solutions. As might be 
expected, the mechanistic theme is that these reactions proceed 
via a dissociative rather than an associative process. However, 
reactions of tris-(a,a ’-diimine) complexes such as [Pe (bipy) ^ 
and [Pe(phen) 2 J with strong nucleophiles such as OH and CN” 
involve second order reaction path.^^^“^^^ This dependence on the 
incoming nucleophile could be due to a bimolecular associative 
attack on the iron centre, a process involving ion-pair formation 
or Initial attack on the coordinated ligand. 


166 

Lucie and Stranks determined volumes of activation for 
the dissociation of tris (1, 10— phenanthroline) iron(II) and its deri- 
vatives. The high values for the activation enthalpies, the positive 
activation entropies as well as activation volumes (Table 1.9) support 
the idea of a dissociative mechanism rather than an associative one 
for these iron (II) complexes. It has been demonstrated that reactions 
of Cd(II) complexes of polydentate ligands are proton assisted 

and that the rates of dissociation of these complexes are greatly 
enhanced as the hydrogen ion concentration is increased. This is 
evident from the data presented in Table 1. 10, The decrease in 
rate for the case of [cd(NTA) 2 ]^ ■“ reaction has been explained^ 
is being due to the slow rate of proton migration from the nitrogen 
i tom in a partially bonded reaction intermediate. The acid dissoci- 
ition kinetics for doubly deprotonated triglycine palladiura(II) 

omplex , [Pd(H_2G®3) ] takes place via four sequential bond- 

177 


issociation steps 






TABLE I.10(contd 




1.3.4 Ligand Displacement Reactions 


Generally, four types of displacement reactions can take 

place: 

(a) Monodentate ligand exchange reactions (excess ligand) . 

(b) Multidentate ligand exchange reactions (excess ligand) . 

(c) Metal exchange between ligands (excess metal) . 

(d) Double exchange reactions. i 

The above exchange reactions are often sluggish in nature 
because the reactions involve the breaking of a series of coordi- ^ 
nation bonds in succession. In case of displacement of the multi— j 
dentate ligand EDTA, for example, six bonds must be broken during i 
exchange process . | 

I. 3. 4a Monodentate ligand exchange reactions i 

I 

This section is concerned with the kinetics and mechanisms I 

i 

of substitution in complexes in which monodentate ligands exchange | 
with monodentate or multidentate ligands. Reactions in which wateri 

is the monodentate ligand as well as the solvent, have been consi- j 

" . ' ' i 

dered before (1.3.1). Pew examples involving other monodentate 
ligands, mainly cyanide, are now examined. The replacement of one 
monodentate ligand by another is the simplest situation to envisage 
and has been used extensively for investigating the mechanisms of 
substitution in many octahedral and square-planar complexes. The 
kinetics of substitution reactions of [Fe(GN)^L]^ (L = NO, 




3— 5— Me 2 “Py/ -ONPh, “SO^/ Py and 3— CN— Py etc) have recently been 

studied and they normally follow a dissociative path. The rate 

data for the formation and dissociation of these reactions have 

34 

been compiled from literature by Phull. However# the number of 
reports on the replacement of unidentate ligands coordinated to 

-1 ^7 Q 

Pe(IIl) by other unidentate ligands is rather limited* 

179 

Elding has carried out a comprehensive study on Pd (II) 
halides and aquo halides. Rate constants and activation parameters 
have been reported for reactions of [PdCl^] ” and [PdBr^] with 
thiourea and selenourea (Table I.ll) . Two reactions were monitored# 


[PdX^]^- + L -■ 

> [PdX^b]" + X 

... (9) 

[PdX2L2] + L - 

[PdXL^]"^ + X” 

... do) 


Reactions of [PdX^b] and of [PdXL^]"^ were too fast even for stopped— 

flow monitoring owing to the very high trans effect of thiourea and ; 

1 SO ' ■ 

selenourea. Bromide substitution in the sterically hindered i 

complexes [Pd(Et^dien)XCN]‘^ and [Pd(MeEt^dien)XCN]'^ (X « S or Se) 

181 

follows the usual two term rate law. One has a first-order 

rate constant for a solvolytic path and another has a second— order 

rate constant for a direct bimolecular sxibstitution path. The 

influence of non- reacting chelate ligands terpy and a-azapentane- 

1, 5-diamine (3-NHpd) on the reactivity of square-planar palladixim 

183 

complexes has been studied by Cusumano et al. The kinetics for 
substitution reaction of [Pd( terpy) x]*^ (X = l“> BrV Cl"^ n”> NO" ) 
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TABLE 1. 11. Kinetic parameters for associative nucleophilic attack 
at [PdX^] halogenoanions . 





1 k^ 

1^7 r 

2 

AS^ 

1 

i 

Nucleophile 

1 

1 M s 

f 

1 

* .-.I * 

I k cal mol { 

1 i 

1 1 

Cal K ^mol ^ 

1 Ref. 

1 

1 

-J 


[PdCl^]^' 


Ammonia 

33 

— 

— 

185 : 

Thiourea 

9.1 X 10^ 

6.0 

-19.5 

180 ^ 

Selenourea 

4.5 X 10^ 

4.4 

-26.0 

180 ; 

diamper 

4.9 X 10~^ 

20 

+14 

186 i 

NN'— Me 2 diamper 

0.55X 10“^ 

23 

+20 

186 ; 

enH”*" 

296 

— 

— 

187 

Me2enH’^ 

153 

— 

— 

187 

Me^enH"^ 

14 

— 

— 

187 

i2- 





PdBr, 1 

% 





Thiourea 

2.1 X 10^ 

7.3 

-19.0 

180 

Selenourea 

9.1 X 10^ 

10.7 

- 0.5 

ISO 
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with Y (Y = thiourea ts- I >• Br ), have been studied^^^ and 

compared with those of the previously investigated [Pd (3-NHpd)xJ’*' 
complexes. The terpy complexes are both more reactive and more 

discriminating between various entering ligands. The higher reacti- 
vity of the terpy complexes may be explained by the possibility of 
extensive K-in ter action between the metal atom and the coplanar 

nitrogen atoms of the ligand which enhances the electrophilicity of 

1 82 

the reaction centre. 

some qualitative nrar studies on exchange reactions of ter- 

1 84 

tiary phosphine complexes of palladium (II) have been reported. 

Exchange between the complexes [PdL25C2^ (L = a tertiary 

phosphine, X = Cl, Br, or I) is fast on the nmr time scale at room 

temperature but slow at — 50*^C in CDCl^ solvent. The line broaden- 

ings observed can be explained if the exchange is assximed to take 

place in a pathway in which a halide of [PdX 2 L 2 ] is exchanged 

directly with the phosphine trans to the X of [PdXL^]"** via a halide- 

bridged intermediate. Exchange between the cationic complex 

[PdXL-]’** and free phosphine- has also been observed. Two reaction 

steps were identified when raethanolic solutions of the dithiophos- 

phate and dithiocarbamate complexes of palladi\im(II) were treated 

252 

with cyanide ion. The two steps were assigned as in reactions 

(11) and (12) where [s-s]” represents the bidentate sulphur ligand 

[pd(S-S) 2 ] + 2 cn“ 5* [Pd(S-S) (cn) 2 F + [s-s]“ . . (11) 

[Pd(S-S) (CN) 2 F + 2 CN“ > [Pd(CN)J^‘‘ + [s-s] 


.. ( 12 ) 
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Other sixbstitution reactions for which kinetic data have been 
reported include those of cis--[PdCl2 (NH^) 2 J with anraonia, of 

[PdX2|P(0Me) ^^2] with thiourea/^®^ and of [PdCl^J^~ and [Pdcl2(en)2] 

1 87 

with protonated diamines. 

The cyanide ion is a potential unidentate ligand having the 
capability of displacing multidentate ligands like polyaminocarboxy- 
Lates# polyamines ' and macrocyclic ligands'^ from 

:heir octahedral complexes of Ni(II) ions. Recently, Nigam et al. 
lave investigated the kinetics and mechanism of replacement of amino— 
rarboxylates from mono (aminocarboxylato)hydroxoferrate (III) complexes 
y cyanide ions. The general mechanistic scheme for [NiL] CN 

eaction system requires three cyanides to be bonded to nickel (ll) 
hile four cyanides are required in [PeL(OH)]^”^ - CN~ systems (n = 
large on the ligand) in their respective rate determining steps, 
le last cyanide adds rapidly forming [Mi(CN)^]^ or [Pe (CN) ^ 0 h]^~ 
sspectively. A multistep mechanism via successive formation of 
-xed— ligand intermediates has been proposed for both reaction 
'stems . 

•54 

Stara and Kopanica have studied the kinetics and mechanism 

the reaction of the binuclear complex (Ni2TTHA) with cyanide ion. 

65 

eir mechanism was, however, refuted by Nigam et al. and a plau- 
ble mechanism proposed. More recently, Nigam et al. have invest!— 
ted for the first time, the kinetics and mechanism of reactions of 
luclear [Fe2TTHA(0H) 2]^ and [Fe2HPDTA(0H) 2] with cyanide ions, 

} essential feature of this mechanism is a slow cyanide-indepen- 
it dissociation and a rapid cyanide— assisted dissociation of the 
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binuclear complex followed by a sequence of steps similar to reacti- 
ons of i:i complex with cyanide. 


Very little is known, so far, on the exchange reactions of 
bis complexes of Pd(Il) and Cd(Il) . The kinetics and mechanism of 
reactions of some bis complexes of and Zn(Il)^^ with 

cyanide ions have been studied. The Cd(Par) 2 -CN'' reaction follow a 
scheme given from eqns. (13)— (15). Here the bis complexes of multi- 
dentate ligands react with cyanide ion by a cyanide independent 
dissociative path (eqn, 13) and cyanide dependent associative path 
(eqns. 14,15). 


CdR2 


CdR2 + CN 




-CN 


CdR + R 


+CN (fast) 

1 / 

CdR(CN) + R 


V. slow 


fast 


CdRCCN) + 3 CN Cd(CN)? + R fast 

tj. 

(in three steps , Here R represents Par) 


. .. (13) 


... (14) 

... (15) 


The formation of [Ni(CN)^]^ from reactions of cyanide ions 

ith square-planar bis complexes of Ni (II) through the formation of 

ery stable mixed-ligand complexes ha's been demonstrated by Billo 
54 197 

t al. The reaction of cyanide ion with bis complexes of 

198,199 

con C II) and iron (III) with Par have been studied by Nigam et al. 
le reaction scheme is given in eqns, (16) -0.8) . In these reactions, 
>rmation of mixed”ligand complexes does not follow a cyanide inde- 
jndent dissociative path as in equation 13 followed by equations 
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14 and 15. Instead, release of only one multidentate ligand takes 
place in the last step of the reaction sequence (eqns. 16—18). 


FeR^ + CN 
[FeR^CCN)] + CN“ 
[FeR2(CN)2] + CN 



[FeR2(CN) ] 
[FeR2(CN)23 
[PeRCCN)^] + R 


fast ... (16) 
r.d.s ... (17) 
fast ... (18) 


The reactions of cyanide ion with the cationic complex 
Pe(L-L) 2 '^ where L-L is 1,10 phen^°° or a substituted phen,^^^'^^^ 

Schiff's base,^°^ bipy,^°^“^°^ substituted bipy^°® or terpy^®^'^^^ 

2l0 

or diimine proceed in the same way forming mixed ligand complexes 
of the type Pe (L-L) 2 (CN) 2 * 


I. 3. 4b Multidentate ligand displacement reactions 

The mechanism by which one multidentate ligand displaces 
another from a metal ion depends upon the ability of both ligands 
to coordinate with the metal ion simultaneously. There are four 
accepted mechanisms for this type of reactions. 


(i) The outgoing ligand (L-L) is completely dissociated from the 

metal cation (M) before association between M and the incoming 
ligand (L— L) starts. 
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(ii) The association of the metal cation with the incoming ligand 
may beginsbefore dissociation of the outgoing ligand is 
complete. In this mechanism there will thus be an inteir- 
mediate in which both ligands are bonded to the same cation. 



(iii) A variation on the above mechanism is the case of pre— equilib' 
rium partial dissociation of the starting complex. 



. .. ( 22 ) 


(iv) In the last scheme# there is a modification of the scheme 
(iii)# one which can apply when two multi e.g.# terdentate 
ligands are replaced by another multi e.g. quinqui or hexa— 
dentate ligand. 
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The rate determining step of the overall reaction is the cleavage 
of any one of the several bonds between metal and the leaving group 
which must be broken in the course of reaction. As examples, 

» ■ T T li? T '0 "1 *3 Ojw 

NiTet reacts with EDTA, TMDTA, PDTA or DTPA and NiTrien 
reacts rapidly with EDTA,^^^ HEDTA^^'^ or DTPA^^^ forming mixed 
ligand intermediates and give respective products by unwrapping of 
ret or Trien. 

A review of multidentate ligand exchange reactions and their 
ipplications to analytical chemistry has appeared for systems invol— 

O'] 

'ing EGTA and 4- (2-pyridylazo) resorcinol , Other multidentate 

dgand exchange reactions of metal ions such as Cu(II) 
n(II),^^° Hg(ii),22l 222-225 226-230 

nvestigated by many workers. Not much is known, so far, on the 
xchange of multidentate ligands on PeClIl) and Pd(Il). A review^^^ 
a substitution reactions of square-planar complexes involving poly- 
intate ligands had appeared some years ago. Recently Nigam et al. 
ive investigated, for the first time, the kinetics and mechanism 
: FeL with Par^^^ and PdIDA with L (where L = EDTA or TTHA) 
le reaction between FeL and Par renders products through a reaction 
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scheme given below (equations 24-26): 


[FeL(OH)] + hr” 


+ HjO 

fast ... (24) 

o 

[RFeL] 

k 



k- 

[FeR]"^ + L^” 

r.d.s ... (25) 

[for]"^ + hr” 

3_^ 

" ^-3 

[FeR2]“ + h'*' 

fast ... (26) 


Similar multidentate ligand exchange reactions between EDTA complex 

233 

of Pe(III) and salicylic acid or 1#2 dihydroxy— 3 # 5 benzenedisul-^ 
fonic acid have also been studied o i 

Multidentate ligand exchange reactions of Pd (II) followed a 
scheme different from Fe(III). These reaction are of consecutive 
type in which fast formation of mixed ligand complex occurs which 
in turn dissociates into respective products as given below ' 

(equations 27,28). ; 

[PdIDAj + l””" > [PdlDA.L]^" ... (27) | 

i' 

I 

[PdlDA.L]'^” > [pdL]^“^ + IDA^" ... (28) ^ 

i 

> 

In many multidentate ligand replacement reactions the rate 

! 

expression contains terms in various powers of the hydrogen ion i 

concentration, which arise from the possible ways of protonating 

' ' ' ■ ■ ' ' ■ . ■ 

the ligands both free and in ccxnplexed form. It has been possible 

I 

to resolve the rate constants due to various protonated reactants 
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by algebraic manipulation and mathematical analysis of reaction 
rates measured over a wide pH range and resorting to some simpli- 
fying assumptions about species distribution. 

1.3.4c Metal exchange and displacement reactions 

The displacement of one metal cation from its complex with 
a multidentate ligand by another metal ion (or the exchange with an 
identical labelled metal ion) is represented by equation (29) . 

M + M*L M' + ML ... (29) 



Mechanism of metal displacement can be either dissociative^ 



le mechanisms of some metal cation displacement reactions are indi— 
ited in Table 1.12. Reactions following equation (30) are repre— 
in ted by D and equation (31) by DA, 
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TABLE Iol2. Mechanisms of cation displacement from multidentate 
ligand complexes. 


t 

complex I 

1 

- - - - 1 .., 

Replacing 

cation 

; Type of 

I Mechanism 

1 

; Ref, 
1 

1 

Cd(Il)-TTHA 

Co(II) 

DA 

234 

Cd(ll)-TTHA 

Ni(Il) 

DA 

234 

Cd(Il)-TTHA 

Cu(Il) 

DA 

234 

Cd(Il)-TTHA 

2n(II) 

DA 

234 

Cd(ll)“CYDTA 

Cu(II) 

D 

235 

Cd(ll)-EDTA 

Cu(ll) 

DA 

236 

[Cd(ll)-(EDTA)H]~ 

Cu(ll) 

DA 

236 

Cu{ll)-EDTA 

Cd(II) 

D 

237 

Fe ( I I I ) -HEDTA , -DTPA 

Ga(IIl) 

D 

238 

Fe ( I I I ) -HEDTA , -EGTA . -DTPA 

In(IIl) 

D 

239 

[Fe(lll) (EDTA)H20]“ 

In(IIl) 

— 

240 

[MEDTA]“(Ms=Ga or In) 

Fe(IIl) 

D 

241 

bKiiDedta 

Fe(IIl) 

D 

242 

PeClIl)Cn)TA 

In(III) 

— 

243 
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Io3®4d Double exchange reactions 

An interesting situation exists when two multidentate 

complexes are mixed and thermodynamics dictates a double exchange? 

The exchange of ligands of the type given in equation (32) between 

245—247 

two metal ion chelates has been studied and was found to be 

a slow process if the reaction goes via a dissociation sequence. 

ML + M'L' 5*. M‘L + ML' ... (32) 

NO evidence for the formation of a dicomplex intermediate has been 

given so farr but the rates of such coordination chain reactions 

were found to increase enormously if small amounts of either ligand 

248—250 

or metal ion is added to the reaction mixture. This increase 

is the consequence of a coordination chain mechanism. 
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CHAPTER - II 


KINETICS AND MECHANISM OF THE REACTIONS OF BIS 4-(2- 
PYRIDYLAZO) RESORCINOL COMPLEXES OF IRON(II) AND 
IRON(III) WITH CYANIDE IONS 

ABSTRACT 

Cyanide ions react with [Pe (Par) complexes (where Par 

represents 4- (2-pyridylazo) resorcinol) to form i:i:3 mixed cyano- 
complexes. The reactions have been studied spectrophotometrically 
at 720 nm (X„__ of [Fe(Par)^]'^ ^) . The reaction conditions for 
Fe(Il) system are: pH = 11.5 + 0.02, temperature = 25 + O.l^C and 
I s 0.1 M (NaClO^) while for Pe(IIl) system the pH is 10.0 + 0.02. 
The order with respect to cyanide varies from one to two at high 
and low cyanide concentrations respectively. The reverse reaction 
does not occur at a measurable extent even in presence of large 
excess of Par. These observations suggest that [FeR 2 ]^ (R = Par) 
forms a mixed complex [FeR(CN) 2 ]^ ^ in presence of excess cyanide 
ions. A three step mechanism consistent with these results is 
proposed in which the second step is rate determining one. The 
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activation parameters for the reaction have been calculated and 
used to support the proposed mechanism. The effect of ionic 
strength lends further support to the same. The pH dependence of 
rate has been investigated for both reactions. 

I I . 1 INTRODUCTION 

The kinetics of formation of some mixed ligand complexes of 

iron ( II) and iron ( III) have been investigated. Mixed ligand 

complexes of iron (II) with monodentate ligands have also been i 

reported A majority of iron (II) complexes are high spin (^ 2 ^ 6 ^) 

but the complexes containing ligands wliich produce a large crystal 

field effect are low spin and kinetically inert. The reactions of 

2 + 

cyanide ion with the cationic complex Pe(L-L)^ , where L— L is 1,10 

3 

Phen^ or a substituted Phen,^'^ Schiff's base,"^ bipy,^ substitu— 

ted bipy or terpy ' produce mixed ligand complexes of the type I 

Pe (L— L) 2 (CN) 2 • The kinetics of complexation of other metal ions i 

■',16 17 

like Ni(II) and Cu(ll) have been extensively studied using a j 

variety of slow and fast reaction techniques. The substitution of 1 

multidentate ligands in their complexes of metal ions by monodentate ! 

ligands has been a subject of interest for many workers. The for- ; 

mation of tetracyanonickelate (II) and hexacyanoferrate (III) from 

18 — 2 '^, 

the reaction of polyaminocarboxylato complexes of Ni(ll) and 

24*— 28 

Pe(IIl) respectively with cyanide ion has been studied extensi- 

vely. In recfent years exchange reactions of polyaminocarboxylato 
complexes of Co (II) and Mndl)"^ with cyanide ion have also 

attracted some attention. 
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In the present study, kinetics and mechanism of formation of : 
[Fe(Par) (CN)^]’^ ^ from the reactions of [Fe(Par)2]^ and cyanide 

"3 0—0 A 

ions has been reported. The complete displacement of Par 

from this mixed complex has not been successful even in presence , 
of sufficiently large excess of cyanide: n is charge on Fe (II) /Fe (li: 


II . 3 EXPERIMENTAL 

Chemicals 

Aqueous stock solution of Ferrous Ammonium Sulphate was 
prepared and acidified with concentrated H2S0^ (in order to prevent 
hydrolysis) and standardized by Kl'inO^ . Fe(ClO^)2 was prepared by 
dissolution of a precipitate of Pe(0H)2 in calculated amount of 
HCIO^ and standardized complexometrically using sulphosalicyclic 

o ^ 

acid' as an indicator. These solutions of Ferrous Ammonium Sulphate 

r -i2— 

and Perchlorate were used for the preparation of [_Fe(Par)2J and 

[Fe(Par)2] respectively. The monosodium salt of Par (Reidel, 

Germany) was used after recrystallization from aqueous ethanol. A 

stock solution of sodium cyanide (M and B Ltd., England) was prepared 

37 

fresh and standardized argentometrically. 

Sodium tetraborate (AR, BDH) and sodium hydroxide (AR, BDH) 
were used to prepare buffers of desired pH values. Sodium perchlo- 
rate (AR, E. Merck, Germany) was used to maintain ionic strength . 
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Apparatus 

A Shimadzu double beam spectrophotometer model UV 240, with 
a circulatory arrangement for thermostating the cell compartment, 
was used for kinetic study. The temperature of the reaction 
mixture was maintained at 25 + 0.1*^C by an ultracryostat model 
2 NEE (VEB Kombinat Medizin and Labortechnik Kombinatsbetrieb, GDR) . i 
All pH measurements were made on an Elico digital pH meter model 
LI—120 using.’ BDH standard buffers for standardization. ; 

II. 4 KINETIC MEASUREMENTS 

The formation of mixed ligand complex from the reaction of 
bis 4— (2— pyridylazo) resorcinolferrate (II) and with cyanide ions was 

TT —1 —i 

followed at 720 nm (X of Fe (Par)^, E= 19,880 M cm ) at 

rn3..X! ^ 

pH = 11.5 + 0.02, I = 0.1 M (NaClO^) and temperature = 25° + 0.1°C. 

The formation of mixed ligand complex from the reaction of bis 4—(2— 

pyridylazo) resorcinolferrate (III) and cyanide ions was also followed 

at 720 nm (X„ of Pe^^^ (Par) £= 9850 M“^cm“^) at pH = 10.0 + 

0.02, I = 0.1 M NaClO. and temperature = 25 + 0.1°C. No other 

species absorb at 720 nm to any appreciable extent. A corresponding 

increase in absorbances at 414 nm (X of Par, £ = 3 x 10 M cm ) 

in8.x 

in both reactions is due to liberation of one molecule of Par 
complexed to iron in [FeR 2 ]'^''*^ complex according to reaction (1) 

[peR23^’"^ + 3 Cn“ > [PeRCCN)^]’^"^ + ... (1) 

where R is 4- (2-pyridylazo) resorcinol . 
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All reactions were run in presence of an adequately large 
excess of cyanide. The pseudo— first-order rate constants were 
calculated from the plots of log C versus t over at least 80*/, of 
the reaction. C is the concentration of [peR 2 ]’^'"^ at any time t 
and n is the charge on the metal ion under consideration. 

The reverse reaction does not occur to a measurable extent 
even in presence of thousand fold excess of Par. The stoichiometry 
of the [FeRXCN)^]^ complex was established by the mole ratio 
method. 

II. 5 RESULTS 

11*5.1 Effect of concentration of reactants on the rate 

The rate of decay of [FeR 2 ]'^ ^ is first order in [FeR 2 ],j,# 
but has a variable order with respect to cyanide ion concentration. 
The observed pseudo— first— order rate constants at various cyanide 
concentration levels (always in excess) are compiled in Table II. 1, 
Values of log are plotted against log [cN in Fig. II, 1. 

The slope of above plots is found to change from two to one as the 
cyanide concentration is increased. A rate law for both the 
reactions is given as 

Rate = d[Fe(Par)(CN)^“^]/dt =>£[Fe(Par) 2 ’^][cN“]^ 

= ’^obsd^^^^^^^^r^^ ... (2) 

where = k^[CN""]^, X being one or two. 
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TABLE II. 1. Kinetics of formation of [FeRCCN)^]^ ^ from bis 4—(2— 

pyridylazo) resorcinol ferrate (II) complexes in presence 
of excess cyanide- (A) = 5.0 x 10 [Par] = 

1.0 X 10'"'^M, pH = 11.5 + 0.02, I = O.lM(NaClO^) ,, 
temp. = 25 + 0.1°C. 


[cn“] 


^obsd' 

-1 

s 

= >'obsd/[“ I"' 


1 


2 


3 

1.45 

X 

io“^ 

8.6 X 

lo"^ 

5.9 X lo”^ 

6,0 

X 

10-2 

3.6 X 

lo”^ . 

6.0 X 10 ^ 

4,0 

X 

-2 

10 

2.65x 

io“^ 

6.6 X 10“^ 

2.0 

X 

lo"^ 

X • X X 

io“^ 

5.6 X lO"^ 

1,26 

X 

10-® 

7.6 X 

io“^ 

6.0 X lo”^ 

8.30 

X 

lo"^ 

5 .25x 

lo”^ 

-2 

6.3 X 10 






Av.(6.1 + 0.3)xl0“^, 

3.98 

X 

—3 

10 ^ 

1.9 X 

lo""^ 

12.0 

2.0 

X 

lo"*^ 

4.5 X 

lo"^ 

11.3 

t.O 

X 

10“^ 

1.3 X 

io“^ 

13.1 

S.3 

X 

lo"""^ 

5.5 X 

—6 

10 

13.8 


Av.(l2.6 + 0.1), M^’^s ^ 


contd 
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TABLE II.Kcontd.) 


(B) [Pe^"^ 

] = (5 

.0-6.0) 

-5 

X 10 

M, 

[Par] 

= (1.0 

-1.2) X 

-4 

10 M, 

pH = 

10.0 + 

0.02, 

I = O.IM, 

temp. 

= 25 + 

0,1°C. 


1 




2 



3 


9.0 X 

io“^ 


8.7 

X 

10-3 


9.7 X 

10-2 

6.9 X 

io“^ 


7.2 

X 

10-3 


10.4 X 

lo”^ 

5.85x 

10~^ 


6.6 

X 

10-3 


11.3 X 

-2 

10 

4 .0 X 

-2 

10 


4.4 

X 

10-3 


11 .0 X 

10-^ 

3.0 X 

-2 

10 


3.1 

X 

10-3 


10.3 X 

10“^ 

2.1 X 

-2 
10 ^ 


2.4 

X 

10-3 


11.4 X 

-2 

10 ^ 

1 .45x 

lO"”^ 


1 «6 

X 

10-3 


11.0 X 

-2 

10 







Av (10 

.8 + 0.6)xl0-^,M-^s” 

1 .2 X 

io“^ 


lo2 

X 

10-3 


8.4 


8.3 X 

lo”^ 


4.8 

X 

lo”^ 


6.95 

5.0 X 

io“^ 


1.9 

X 

lo”^ 


7.6 


2.5 X 

10-3 


4.8 

X 

lo”^ 


7.66 


Av (7.7 + 0.5), 


* X =s 1 or 2 



Dsao 



Fig. II. 1 The cyanide dependence of observed pseudo- 
first order rate constants for |FeR2]'^”‘«CN” (The 
^ ^ ^ as given in Table II.I ^ ^ 
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I I. 5. 2 Effect of ionic strength on the reaction rate 

The rate of reaction was found to increase with increase of 
ionic strength of the medium, varied by adding calculated amounts 
of sodium perchlorate before mixing the reactants. The pH, tempera- 
ture and concentrations of reactants were kept constant during 

these measurements. The observed rate constants obeyed the 

3 8 

Bronsted-Bjerrum Equation (Equation 3) . 


yi 


log k = log k + 1.018 Z Z 

^ ° ^ ^ il +/I) 


... (3) 


where k^ is the specific rate constant, k^ is the specific rate 
constant at zero ionic strength, and Z^ and Z^ are the charges on 
the two reactant species. The plots of log k^ versus yT/(l + v/T ) 
is given in Fig. II. 2. The values of and k^ at different 

ionic strengths are listed in Table II. 2. The values of 
calculated from the slopes of these plots agree very well with the 
values expected according to the rate determining step envisaged 
in the kinetic scheme (vide supra) . 


II. 5. 3 Effect of Temperature on Rate 

Activation parameters for these reactions have been calcula- 
ted from the Arrhenius plots. The reactions were carried out at 
different temperatures in 20°G-35°C range. Arrhenius equation, 
may be written in the logarithmic form (Equation 4) 

®a 

In k^ “ OT In. A 


.. (4) 



luy 



Fig. II. 2 Dependence of rate constants on 
ionic strength for CN 


reaction (The conditions are 


given in Table 11.2). 


log ko 
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TABLE II. 2. Effect Of ionic strength on the formation rate of 
[FeRCCN)^]'^”^- 


M (NaClO^) 


^obsd^ ^ 


-1 


-1 -1 
M ■'s 


(A) 


(B) 


[Pe^'*'] = 5.0 X 10 [Par] = 1.0 x 10 [CN ] = 4.0 x 10 

pH = 11.5 + 0.02, temp. = 25 + 0.1°C. 


0.04 

1.96 X lo”^ 

_2 

4.9 X 10 

0.06 

2.52 X lO”^ 

—2 

,6 .3 X 10 

0.08 

2.83 X lo”^ 

1 X lO”^ 

0.10 

3.33 X lo”^ 

'• ■ ^ —2 
8.3 X 10 ^ 

[Pe^'^] = 5.0 X lo" 

[Par] = 1.0 X lo'^^M, 

[CN~] =4.0 

pH = 10.0 + 0.02, 

temp, = 25 + 0,1°C. 


0.05 

3.09 X lo”^ 

7.9 X 10“^ 

0.08 

4.0 X lO”^ 

1.0 X lo”^ 

0.10 

4.4 X lO”^ 

1.1 X 10~^ 

0,15 

4.84 X 10“^ 

1.2 X lO”"^ 
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The activation energy can be calculated by plotting In 
versus 1 /t and other activation parameters like and p 

z 

can be calculated by the Eyring equation ( 6 ) making use of 
relation = E - RT. 


k_ .T 

B -AG VRT 
h ® 


AS°^/R -AH°^/J 


.. ( 5 ) 


where all terms have their usual meanings . The above equation can 
be simplified to equation ( 6 ) . 




07 ^/ RT 


( 6 ) 


where p is the probability factor defined in equation ( 7 ) 


AS°^/R 

"h— ® 


.. (7) 


The values of activation parameters are given in Table II .3 . 
These values of activation parameters are consistent with our 
proposed mechanism (vide supra) , 


II. 5. 4 Dependence of Reaction rate on pH 

In case of Pe(Il) system the rate was varied from 8.5 to 11.5 
in presence of excess of cyanide and it was observed that the rate 
increases with an increase of pH upto 11,5 (Table II.4), while in 
case of Fe(IIl) system the rate was studied in pH range 7.5-10.5 
and it was found that rate increases upto pH 9.5 and then levels 
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TABLE 11*3. Activation parameters 


[Pe ] = 5.0 X 10 [Par] = 1.0 x 10 [CN ] = 4.0 x 10 

pH = 11.5 + 0.02, I = O.IM (NaClO^). 


E = 27.4 + 0.3 kJ mol 

a — 

= 25.0 + 0.3 kJ raol“^ 


AS°^ = 

-185 

+ 1 jk”^ 

D = 

Z 

1 .2 

3 — 1 

X 10 cm 

: 5.0 X 

10''^M, 

[Par] = 1 


= 4.0 X 10 M, 


pH = 10.5 + 0.02, I = O.IM (NaClO^) 


E = 48.8 + 2.5 kJ mol 

O. 

AH°^ = 46.3+2.5 kJ mol“^ 


-110.6+ 8.5 JK ^ mol ^ 


7 —1 

1.1 X 10' cm 
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TABLE 11.4. Effect of pH on the formation of [FeRCCN)^] 


n-5 


pH 


^ -U J/S 

obsd 


“1 


-1 -1 

k., M -^s 

X 


O-L. . 

(a) [Fe ] = 5.0 X [Par] = 1.0 x lo”'*M, [CN ] = 4.0 x 10 


temp, 


25 + 0.1 C, I = O.IM (NaClO^) 


(B) 


8.5 


1.3 

X 10 ^ 

3.2 X 

10 

9.5 


5.5 

X 10“^ 

1.4 X 

lo"^ 

10.17 


2.8 

X 10 ^ 

7.0 X 

10"3 

10.75 


1.3 

X 10“^ 

3.2 X 

io“^ 

11.5 


3.3 

-I r^■■3 

X 10 

8.3 X 

-2 

10 


] = 5.0 

X 10"^M, 

[Par] = 1,0 X 10“'^M, 

[cn"] = f 

) .6 X 

temp. 

= 25 + 

O.l^C, I : 

= O.IM (NaClO^) . 



7.0 


4.5 

—5 

X 10 ^ 

8.7 X 

10“'^ 

7.9 


1.8 

_4 

X 10 

3 .5 X 

lo”^ 

8.5 


5.0 

X 10~'^ 

9 .6 X 

—3 

10 

9.35 


1.4 

X 10“^ 

2.7 X 

-2 

10 

10.0 


5.6 

X lO”^ 

1 .0 X 

10-1 

10.5 


5.4 

X 10“^ 

1 .04x 

IQ-l 
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off (Pig. II. 3) . In both cases the rate has been studied in a concen- 
tration range where order with respect to cyanide is one. The 
increase in the rate constants in the abo-ve pH ranges are due to 
different reactivities of the protonated and unprotonated forms 
of [pe(Par) 2 ]'^'’^ and also HCN and Cn"” “ 9*18) Attempts 

at resolving the rate constants were not successful in absence of 
information on the protonation constant (s) of [Pe(Par)^ complexes. 


11,6 DISCUSSION 


These experimental observations on the rates of formation 
of the mixed complex [PeR(CN) from bis 4-(2-pyridylazo)- 
resorcinolferrate (ll) and ferrate (III) complexes and cyanide ions 
lead one to propose a mechanism as given in equation (8)— (10) . 


[FeR2]^'"^ + Cn" 
[peR^CCN) + Cn" 
[FeRgCCN)^]’^’”^ + CN 



[PeR 2 (CN) fast o.. (8) 

[peR 2 (CN) 2 ]^”^ r.d.s. ... (9) 

[FeR(CN)„]^"*^ + R^~ fast ... (lO) 
3 


There is no evidence for the existence of PeR complex even when 
metal ligand ratio is i:i or less# also there is no indication 
that the intermediates in reactions (8) and (9) are produced in 
any appreciable concentration. 
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This mechanism assumes that two cyanides react in steps 
with [FeR^]^ ^ (Equation 8 and 9) to produce [FeR^ (CN) 2 ]^"^ upto 
the rate determining step/ which gives rise to the observed first 
and second order dependences at high and low cyanide concentrations 
respectively. The positive salt effect and values of calcula— 

ted from the slopes of the ionic strength plots (Fig. II. 2) show 
that the assumption made about the rate determining step (Equation 9) 
is reasonable. The low activation energy and highly negative 
entropy of activation (Table II. 3) for the reaction is also in 
accord with the rate determining step where bond formation is 
taking place . The mechanism is an associative one . 

The application of steady state treatment on the intermedi- 
ate species produced in the rate determining step gives ^ 


d[peR^(CN)^ ^]/dt = k^[FeR 2 “'^][cN ] - k_^ [FeR^ (CN) ^ 


1 ^ 2 


-k2[FeR2(GN)’^ ^][CN ] + k_2[PeR2(CN)2'’^] = 0 ... (11) 

r sn-Si ^i[FeRr^][cN"']+ k_2[FeR2(CN)5“^] 

Thus, [PeR2(CN) = ^ ^ ... ( 12 ) 

k + k2[cN“] 


Sxibstituting for [FeR 2 (CH)^ in the rate expression 
(Equation 9) and ignoring the last teim in numerator, we get 


Rate = k2 [PeR2 ( CN) [CN ] 

k2k^[PeR^’'^][CN'“]^ 

5S ^ I ---;-. , - , 

k_i + k2[cN”] 


(13) 

(14) 
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This expression shows that when [cN ] is small, the second 
term in the denominator can be neglected in comparison to unity 
and a second order dependence in cyanide would be observed. 

Rate = K^k 2 [FeR 2 “^][CN~]^ , 



On the other hand when [CN J is high, we many neglect unity in 
comparison to the 3^2 [cN ] and first order dependence in cyanide 
would be observed. 

Rate = k^[FeR 2 “^][CN“] 

These conclusions agree with our experimental observation 
that a variable order dependence in cyanide changing from two to 
one is actually found (Equation 2, Table II. 1) . 

It has been stated in the reaction on the effect of pH that 
it has not been possible to resolve the rates arising out of 
different reactivities of protonated and unprotonated forms of 
reactants . It has been shown that in the reaction of aminocarbo~ 
xylato and polyamino— complexes of Ni(ll) and Pe(IIl) with 
cyanide, the cyanide ion is a better nucleophile than HCN = 

9,18). The rate of substitution by cyanide in these reactions 
generally increases with increase of pH between pH = 7.5— 9.5 and 
then levels off. The same may hold good in the present reaction 
system also but the levelling off occurs at higher pH in case of 
Pe(Il). This could be attributed to the different reactivities 
of protonated and unprotonated forms of [FeR 2 ]^ complex itself. 
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However, a mathematical resolution of rates has not been possible 
because protonation constants of [Pe^^ (Par) 2 ]^” and [Pe^^^ (Par) 2 ]"' 
complexes are not known. The linear portion of the plot of log 
^obsd "^^^sus [h"^] has a slope equal to unity (Pig. II. 3). It is 
concluded that one HCN molecule is involved in addition to one 
cyanide upto the rate determining step below pH 9,2. 

The spectral changes occuring during a typical kinetic run 
have been recorded in Fig. 11.4 and 11,5. It was observed that 
the spectra of the iron (II) and iron (III) complexes of Par differ 
from each other in matter of detail. The absorption spectra 
display two maxima at 496 nm and 720 nm, the latter being better 
defined in the iron (II)— Par complex. During the course of reaction, 
there is continuous decrease in the peak heights at 720 nm and 
496 nm and a new peak formation at 490 nm due to formation of 
[PeR(CN) 2 ]'^ There is continuous increase in the peak height 

T T — T T T — 

at 490 nm in Fe (Par) 2 — CN reaction, while in Fe (Par) 2 ~c:N 
reaction this peak height does not increase. This behaviour is 
probably due to the different reactivities of Fe(ll) and Pe(IIl) 
complexes. There is also a continuous increase of absorbance at 

414 nm (X of Par) due to gradual release of Par during the 

niQ.'x 

course of reaction. The absorbance change at this peak shows 
that the complete displacement of Par from this mixed complex 
does not occur. The appearance of a new absorption band at 460 nm 
is also due to formation of the mixed complex in the later part 
of reaction. The appearance of isosbestic points at 630, 580, 495 


/ 
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350 500 650 800 

WAVELENGTH (nm) 


Fig. II. 5 Repetitive scan of the reaction mixture 
during a typical kinetic run at temp.s 
16°C lfe^^= 5.7 xl(J®M , [Par]=1.14x M , 
[CN^ =3.9 xXj^M , pH = K) , I =0.1M (NaCI04) . 
A = Fe{Par)2. 
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and 340 nm suggest that the species and [PeR (CN) ^ 

coexist during the course of reaction. The spectral scan in 
case of Pe(III) system has been not be recorded below 350 nm 
(Pig. II. 5) , 

In the case of Ni (Par) 2 ~cyanide exchange, a cyanide 
independent path was observed at low cyanide concentrations, which 
indicates a slow dissociation of the bis complex in addition to 
the cyanide, assisted rapid dissociation of Ni(Par )2 and formation 
of mixed ligand complexes of the type [Ni(Par) (CN) ] and finally 

-XI 

[nKCN)^] , However, this type of behaviour was not observed in 
the case of FeR 2 complex even over -a wide range of cyanide concen- 
tration (Pig. II. 1) . If this were so, there should have been a 

sudden increase in the peak height at 414 nm (X__ of Par) due to 

rn3.(x. 

dissociation of the bis complex into Par and the mixed 

complex immediately after mixing. This would be followed by 
further reaction with cyanide to give the end products . 

In brief, the reactions of [Pe(Par) 2 ]^ ^ with cyanide ions 
take place in three steps, the addition of second cyanide being 
the rate determining one (Equation 9) . The stoichiometry of the 
ternary complexes is found to be l:i:3 [Pe (Par) (CN) ^ ] • The 

complete displacement of Par from the iron centre does not take 
place even in presence of large excess of cyanide. The reverse 
reaction does not appear to take place to any appreciable extent. 
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CHAPTER - III 


MULTIDENTATE LIGAND EXCHANGE KINETICS: SUBSTITUTION 
REACTIONS OF AMINOCARBOXYLATOFERRATE ( III) COMPLEXES 
WITH 4- ( 2-PYRIDYLAZO) RESORCINOL 


ABSTRACT 


The kinetics and mechanism of ligand substitution reactions 
of nitrilotriacetatoiron(III) , [Fe(NTA)]/ andN-(2-hydroxYethyl)- 
Sthylenediaminetriacetatoiron(III) , [Fe(HEDTA)], complexes with 
l— (2--pyridyla2o) resorcinol (abbreviated Par) havebeen investigated 
at pH = 9.0 + 0,02/ I = O.IM (NaClO^) and temperature = 25 + 0.1*^ C 
ind 30 + 0.1*^C respectively. The reaction has been studied 
rpectrophotometrically at 496 nm the X of [Pe(Par)r)] which is 
:he final product of both reactions. The values of second order 
■ate constants for NTA and HEDTA exchange were studied in the pH 
ange 6—9.5 and 7-10.85 respectively. The rate of reaction of 
Pe(NTA)J with Par first increases with pH and then levels off. 
owever, in the case of [Pe (HEDTA) ] reaction, the rate increases 
onotonically with increase of pH between 9 to 11 but levels down 
t pH< 9. ' 
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The reverse reactions,, that is the reactions between 
[Fe(Par)2] and (L = HEDTA or NTA)_, have been studied in the 

presence of large excess of , The reactions are pseudo— first- 

order and zero order at high and low ligand (L^ ) concentrations 
respectively and inverse first order in Par concentration. Acti- 
vation parameters for the forward and reverse reactions have been 
calculated and support the proposed mechanism. 


INTRODUCTION 

Ligand siibstitution reactions of metal complexes containing 

1—10 

multidentate ligands have been studied by many authors. A 

ligand substitution reaction often proceeds through the formation 
of mixed ligand complex intermediate (s) in which the central metal 
ion is simultaneously bonded to both leaving and entering ligands. 

In general, the rate determining step of the reaction is the cleavage 
of a bond between metal ion and the leaving ligand. [Ni (EDDA) ] and 
[nICNTA)]” react with Par to give mixed-ligand complex intermedia- 
tes viz. [Ni (EDDA) Par] and [Ni (NTA) Par]^ respectively^ (EDDA^ = 
Sthylenediamine N,N '-diacetate ion, NTA^~ = Nitrilotriacetate ion) 
followed by further reaction to give [Ni(Par)2] • Tanaka et al. 
lave studied the substitution reactions of [cu(EGTA)]^ and 
Cu(NTA)]’" with Par [egTA^" = (Ethyleneglycol) bis ( 2 -aminoethyl 
!ther)-N,N,N',N' -tetraacetate]. Similar results are noticed also 
.n these reactions. 
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It seemed worthwhile to extend this study to the substitut- 
ion reactions involving other metal ions e.g. the ligand substitut- 
ion reactions of [Fe^^^(NTA)] and [Pe^^^ (HEDTA) ] , complexes with 

Par in alkaline medium. In the specified conditions the reactions 
represented by equation (1) were undertaken in order to obtain a 
better understanding and insight into inultidentate exchange processes. 
The kinetics of reverse reactions have also been investigated to 

provide support for the proposed mechanism, 

/ 

[PeLCOH)]- + 2 HPar" — [Fe(Par) 2 ]’' + + H 2 O + ...(1) 

:il.2 EXPERIMENTAL 
.eagents 

Purified and recrystallized varieties of NTA (Hopkin and 
illiams/ England), HEDTA (Sigma, XJ.S.A.). Par (Reidel, Germany), 
srric nitrate (Thomas and Baker, U.K.) and sodium perchlorate 
S. Merck, P.R.G.) were used in this study, 

A stock solution of Fe(ClO ^)2 was prepared by dissolution 
: a precipitate of Pe( 0 H )2 calculated amount of HClO^ and 
■.andaardized complexometrically using sulfosalicylic acid as an 
dicator,^^ 

uipn^nt 

A Shimadzu double beam spectrophotometer model UV-240, with 
oirculatory arrangement for thermostating the cell compartment 
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was used for all kinetic studies and for obtaining repetitive 
scans of the reaction mixtures . The temperature of the reaction 
mixtures was maintained by an ultracryostat model 2 NBE (VEB 
Kombinat Medizin and Labortechnik Kombinatsbetrieb, GDR) . All pH 
measurements were made on an Elico digital pH meter model LI-120 
using BDH standard buffers for standardization. 


III. 3 RESULTS 

111,3.1 Kinetic Measurements 

The rate of formation of [Pe{Par) 2 ] was measured at 496 nm 
^^max Fe(Par) 2 ]~/ £= 51,800 M^^cm”^) at pH = 9.0 + 0.02 and 
I = O.IM (NaClO^) , A correction was applied for the absorbance 
of Par at 496 nm. It can be derived that 

^A ^^t ~ **• 

?here represents the concentration of [Fe(Par) 2 ] at t = t and 
Jg is the concentration of Par at t = 0, while and £g are the 

jolar extinction coefficients of A and B in order. In the follow- 
.ng text the aminocarboxylato complexes will be represented by 
PeL] while Par will be further abbreviated as R. 

The reverse reactions were also studied at 496 nm by the 
ecay of [Fe(Par) 2 ]''- An expression with a suitable absorption 
orrection is given as 
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= (A^ - 2f3.C°)/(e^ - 2EJ 


B' 


.. (3) 


where C° represents the concentration of [Fe(Par)^] at t = O. 


III. 3 .2 Kinetics of Forward Reaction 


The forward reaction is favoured thermodynamically^ 

1 3 

1q 19.06 ^ [Fe(Par)^] 


q16.26 

' ^eHEDTA 


'.^eNTA^“ ' ^'FeHEDTA “ ^2 

j_o34.2 

,In both systems the forward reaction is first order 
in each reactant. The observed second order rate constants for 
30th systems are given in Table III.l. 


A rate law for both reactions is given as 


Rate = d[Fe(Par) 2 ]/dt = k[FeL(OH) ][hr ] ... (4) 

FeL(OH) ] and [hr ] are the principal reactive species of iron 
'.omplexes and Par respectively at the pH of medium. Integration 
f equation (4) yields 


log 


C^-2[FeR2"'] 

Cy^-[PeR2'“] 


Cr~2 

2.303 


kt + log 


'R 


'Fe 



here C and C„ are the initial concentration of Par and FeL. 

R Pe 

lots of log C^- 2 [FeR 2 *']/(Cj,g-"[FeR 2 '~]) versus t give straight lines 
ccording to equation (5) .. The second order rate constants, k, 
re calculated from the slopes of these straight lines (Table III .1) , 
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TABLE III.l. Rate constants for the reactions of [Fe(NTA)] and 
[Fe(HEDTA)] with Par. Temperature = 25 + 0.1°C, 

I = O.IM (NaClO^) , pH = 9.0 + 0.02 for NTA reaction. 
Temperature = 30 + 0.1°C, I = O.IM (NaClO^) , pH = 
9.0 + 0.02 for HEDTA reaction. 

Fe(NTA)— Par System 


[Fe(NTA)],M [Par],M lo"^ x k, M ^ 


5.0 X 

10 -^' 

1.21 

X 

10 ^ 

9.8 

5 .0 X 

lo”® 

1.81 

X 

10 "^ 

9.2 

5.0 X 

io“^ 

2.54 

X 

10 -^ 

9.6 

5.0 X 

io“^ 

3.13 

X 

lo"*^ 

9.9 

5.0 X 

10 ~® 

4.17 

X 

10 -^ 

11.7 

2 . 88 x 

10 ~^ 

1.2 

X 

—5 

10 ^ 

9.2 

3 .6 X 

lo""^ 

1.2 

X 

lo”^ 

10.1 

6.0 X 

10 -^ 

1.2 

X 

io“^ 

10.7 


k(av)= (10.03 + 0.8)xl0^ M ^s“^ 

Fe (-HEDTA) -Par System 


[Pe(HEDTA) ],M [Par],M 10^ x k, m“^s''^ 


1 .0 X 


2.43 

X 

10-" 

2.9 

1 .0 X 

10 "® 

4.14 

X 

10 ^ 

2.6 

1 ,0 X 

10 ^ 

6.87 

X 

io“^ 

2.6 

1 *0 X 

10 

8.24 

X 

10-^ 

2.6 

1.0 X 

lo-s 

1.0 

X 

10 ^ 

2.5 

5 . 76 X 

lo"^ 

2.4 

X 

10-" 

2.9 

8.4 X 

—5 

10 ^ 

2.4 

X 

10-" 

2.7 

1.2 X 

-4 

10 ^ 

2.4 

X 

lo"" 

2.8 

1 . 92 x 10 ”^ 

2.4 

X 

lo"*" 

2.6 


k(av) = (2,7 + 0.14)xl0 ^ M ^ 
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III. 3. 3 Kinetics of Reverse Reaction 

The reverse of reaction (l) is thermodynamically not 
favoured and it becomes possible to force the reverse reactions 
only by adding a relatively large excess of NTA or HEDTA compared 
to [Pe(Par) 2 ] • The disappearance of [Fe(Par) 2 ] was used to 
follow the reverse rates . 

It has been found that the reverse rate exhibits an inverse 
first order dependence in Par concentration and a first order 
dependence each in [Pe(Par) 2 ] and the ligands NTA/hedta. ,A rate 
expression formulated on the basis of above findings is 

d[Pe(Par)2''] k^[Pe (Par) 2’”] 

dt [hr“] 


The integrated form of equation (6) is written as 


(A -A?) 
o t 


+ A 

o 



e-1 

2 •^.obsd’'*^ 


(7) 


where A^ is the initial absorbance due to [pe(Par) 2 ] / is the | 

corrected absorbance for [Pe(Par) 2 ] at time t, and £ is the molar i 

extinction coefficient of [Pe(Par) 2 ] at 496 nm. Plots of left 1 

^ I 

hand side of equation (7) versus time give straight lines (Fig. j 

III.l). The rate constants and hence k^ (k^ = 

are calculated from the slopes of these plots and are given in 
Table HI. 2 . Values of log are plotted against log in | 

Fig. III. 2. The slope of the above plots is found to be one at J 

higher ligand concentration and tends to zero at low ligand 
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Fig. Ill .1 Inverse first order plots for 
reaction of [Fe ( Par > 2 ^ and 
HEDTA at temp. = 30° C , pH = 9.0, 
1 = 0.1 M (NaCl04). 
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TABLE III. 2. Kinetics of decomposition of [pe(Par) 2 ] by . 

For NTA reaction, [Pe^"^] = (1. 5-2.0) x 10 ^M, 

[Par] = (3.0— 4.0) x 10 Temperature = 25 + O.l^C, 

I = O.lM(NaClO^) , pH = 9.0 + 0.02. For FeHEDTA 
reaction [Fe^'^] = (0.5-1 .0) x 10~\, [Par] = 

(1, 0-2.0) X 10 Temperature = 30 + O.l^C, 

I = O.lM(NaClO^) , pH = 9 .0 + 0.02. 

Fe(Par) 2 ”NTA System 


[nta],m 

5 Z7 

10 X k' , Ms 

obsd 

10 ® 

V -1 

X k s 
r 

2.0 X 

10 “^ 

25.5 


1.3 

1.0 X 

lO"”^ 

15.9 


1.6 

8,0 X 

10 *”^ 

9.1 


1.1 

6.0 X 

—3 

10 ^ 

8.0 


1.3 

5.0 X 

10-3 

5.4 


1.1 



Av. = 

(1.3 

+ 0.2) xio”® s“^ 

O' H#* 

lo""^ 

4.7 



2.l9x 

lo"^ 

* 

3.9 



1.25X 

io““^ 

3.7* 



o 

t 

io“^ 

3.8* 




Pe(Par) 2 ''HEDTA System 



10^ X Ms ^ 10^ X Ic^ s ^ 

1 ,92x 

10 ^ 

24.2 1.3 

9.98x 

-4 

10 

10.0 1.0 

7-47X 

10“"^ 

7.8 1.1 

4.97X 

10-* 

5.4 1.1 

2.88x 

-4 

10 

3.2 1.1 

1.9 6x 

—4 

10 

2.0 1.0 

— ^ 

Av. = (1.1 + O.DxlO s 

1 .25x 

10 ■ ■ 

1.3* 

o 

• 

CD 

•^5 ' ' 

10 

1.2* 

6.0 X 

10 ^ 

1-2* 

^♦zero 

Order dependence 

in [J.3-], 



psqo>, Boi 


log [hEDTaJ 

-4.4 -4.0 -3.6 -3.2 -2.8 -2.4 



log [nTa3 


Fig.IIL2 Ligand dependence of the observed rate 
constants for the reactions of [FeCPar)^] 
with NTA (o) and HEDTA (A). (The reaction 
conditions are given in Table III. 2 ) 
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concentration* This zero order dependence in [l^ ] indicates a 
slow dissociation of the [PeR 2 ] complex to [PeR]"^ and Par# 
followed by further reaction of [PeRj'^ (formed in situ) with 
to give [PeL(0H)]'“ and HPar"" (vide supra)* 

The observed rate constant# t>e written as 

’'ibsd = ’"d + ] ••• (8) 

The values of the two constants on right hand side of equation (8) 
are 1.0 x 10 ^ Ms ^ and 1.2 x 10 ^ s ^ for NTA reaction and 
5.0 X 10 Ms and 1.1 x 10 s" for HEDTA reaction respecti- 
vely. A similar observation has been made by previous workers 
while studying reactions of cyanide with some bis complexes of 
nickel (II) 

III. 3. 4 pH dependence of the forward rate 

The pH profiles (pH = —log [h^] for dilute solutions) for 
both reactions over the range of interest are shown in Fig. III. 3 
(Table III.3) . In the case of [Fe(NTA)], the rate was found to 
increase in the pH range 6-8.5 and then level off. In the case 
of [Fe(HEDTA)]# however, the rate was found to remain unchanged 
between pH 7 to 9 and then increase with increase of pH above 9 . 

The concentration of different complex species viz., FeL, 

PeL(OH), FeL(0H)2 and Par as a function of pH can be determined by 

17 

using a computer programme given by Perrxn and Sayce after 
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TABLE III. 3. Dependence of the rate constants on pH for the 
reactions of [Fe(NTA)] and [Fe(HEDTA)] with Par 
at temp. = 25 + 0,1°C, I = O.lM(NaClO^) . 


pH 

T, “1 

k, M s 

[Fe(NTA) ] = 

(0.5-3.6)xl0“\^ [Par] = (2.54-1 .2) xlo”^M. 

6.0 

4.2 X 10^ 

6 #6 

5.5 X 10^ 

7.25 

7.4 X 10^ 

7.95 

8.5 X 10^ 

8.45 

9.4 X 10^ 

9.0 

9.8 X 10^ 

9.45 

10.6 X 10^ 

[Pe ( hedta) ] 

= 1.0 X 10“\, [Par] = 2.4 x lo”\. 

7.0 

1.8 X 10~^ 

7.5 

1.8 X 10“^ 

8.0 

1.8 X lo”^ 

8.75 

2.0 X 10“^ 

9.0 

2.9 X lO”^ 

9.25 

4.2 X 10“^ 

9.5 

8.5 X lo”^ 

10.0 

V 2.0 

10.25 

4.1 

10.5 

5.3 


10.85 


13.9 
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inserting the pK^'s of complexes and ligands. The values of 
stability constants of Pe(NTA), Fe(HEDTA) and FeCPar)^ and 
protonation constants of ligands viz.. Par, NTA, and HEDTA are 
compiled in Table III. 4. The species distribution of Par, Fe(NTA) 
and Fe (HEDTA) are shown in Figs. III. 4, III. 5 and III. 6 respecti- 
vely. These are used to resolve the rate constants due to different 
protonated, unprotonated and hydroxy forms of the metal complexes 
as well as different protonated forms of ligands. 

III. 3. 5 Resolution of rate constants for the forward reactions 

The pH dependence of the observed rates can be used for 
evaluating the rate constants due to reactant species present in 
different pH ranges. In the pH range 6-10 the complex [Fe(NTA)] 

— O— — 

exists as [FeL(OH)] and [FeL(0H)2] while the Par as HR only. 

The observed rate can be resolved by an algebraic procedure out- 
lined below: 

Rate = k[PeL]^[R]^ 

„ PeL(OH),. „ 

k^®^^°^^[FeL(0H)“] + ^[FeL(0H)2 ] [hr"] 

... (9) 

The subscript T in the above expression indicates the total concen- 
tration of both species in all their forms. Algebraic manipulation 
yields an expression suitable for graphical treatment given below: 
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TABLE III. 4. Protonation Constants of aminocarboxylates and 
stability constants of aminocarboxylatoiron (III) 
complexes . 

Temp. = 25°C, I = O.lM(NaClO^) unless stated 
otherwise . 

A. Protonation constants of Par and aminocarbozylates (log 

n 



'SlL 

V 


Par^ 

12.5 

5.83 

2 . 3 ’= 

NTA 

9.65 

2.48 

0 

00 

0 

00 

# 

HEDTA 

9.81 

5.37 

2.6 

Stability 

constants 

of aminocarboxylatoiron (III) complexes 

(log K) 




L^- 

SeL 

^eL(OH) 

^eL(0H)2 

NTA 

15.9 

9.9 

6.2 

HEDTA 

19.8 

10.12 

4.98 


(b) I = 0.005M (50 /. dioxan) 7 (c) temp.=20°C. 



(a) I = O.IM(KNO^); 
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Fig.ni.4 Species distribution of Par as a function of 
pH ; [Par] = 5-0 X 10'^ M . 









FeL F«L(OH) FcL(0H)2 



Fig.III.6 Species distribution of [Fe(HEDTA)] system as a function of pH 
[Fe(HEDTA)] = 2'5 x lO^M temp = 25°C. 



98 


k. 


[PeL] 


T 


[rL 


[FeL(OH) ] 


[R^"] 


+ 




PeL (OH), 


K 


PeL (OH), 




w 


( 10 ) 


where [PeL]^ = [FeL(OH)“] + [FeL(0H)2~] 

= [FeL(OH)“](l + K^Ky[H'^]) 

[FeL]^/[PeL(OH)“] = (1 + K^K ^[h"^]) 

and [r]/[r2-] = 1 + Kjj^Eh-^] + H- 

In the above expressions 

= [FeL(0H)2 ]/[FeL(OH) ] [OH ] = 10^*^ for Fe(NTA) complex and 
K ^ is the ionization constant of water at 25°C. 

W 

o 

By inserting the values of [PeL]^/[FeL (OH)"”] and [r]^[[r ] 

equation (10) transforms to equation (11) 

k.([FeL]^[FeL(OH)“]) ([r]^/[r^"]) = k (l + K^Ky[H‘^]j [l + 

PeL (OH) ^ 

^HR ^FeL(0H)2‘^R*^wi' ’•* 

A plot of left hand side of equation (11) versus [h'*’] gives 
a straight line (Fig. III. 7) and the rate constants due to [FeL(OH) ] 
and [peL( 0 H) 2 ]^~ are calculated from the slope and the intercept 
respectively (Table III. 5). 

The treatment for the reaction of [Fe(HEDTA)] and Par is a 
little more involved. In the pH range 7-11/ [Fe(HEDTA)] exists as 
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[peL(OH)] and [peL(0H)2]^ and Par as HR and R^ . As in the case 
of [PeCWTA)], the rate can be resolved again using the algebraic 
procedure outlined above, by making use of protonation constants 
of Par and stability constants of [PeL(0H)]“ and [PeL (OH) 

The rate can be then written as 
k[PeL]^[R]^ = [HR“][FeL(0H)”] 

+ [R^^][peL(0H) ] + k^^^^°^^2[HR“][PeL(0H)2“] 

PeL(0H)„ . 

+ kj^ ^[r^ ][FeL(0H)2 ]| ... (12) 

In the pH range 7—8.75, the terra containing [r^ ] and 
[PeL(0H)2”] can be neglected and equation (12) reduces to 
equation (13) . 

k(l + K^Ky[H'^])(l + K^r[h'^]) = .Kj^j^Lh'*'] ... (13) 

Left hand side of this equation is defined in the resolution of rate 
constants of [Pe (NTA) ]-Par reaction first discussed, is for 

4 98 

[Pe(HEDTA)] is equal to the 10 * . 

By plotting left hand side of equation (13) versus [h"^], we 
get, as expected, a straight line with an intercept equal to zero 
and slope = ‘^r (Fig. III.8) . can be evaluated 

from the slope. 


[FeQr [r]t 



Fig. III. 8 Resolution of 
reaction of I 
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In the pH range 8.75-9.25/ however, the term containing 
can be neglected and equation (12) transforms to equation (14) . 


led 4. K^V[h-"])(1 4 

FeL(0H)2 

* ^FeL(0H)2’ *•* 

Dividing by [h"^] throughout. 

kd 4 K^V[h+]) d 4 

FeL(0H)2 1 

“ • ^FeL(0H)2' ^R ’ *•* 

For simplification we may set 


A = k(l + K^Ky[H'^])(l + K^j^Lh"^]) . 


[H-^] 


j^eL(OH)^ ^R ••• 


A plot of 'A' versus 1 /[h'*’] yields a straight line passing 

FeL(0H)2 

through the origin (Fig. III. 9) with a slope equal to ]c^_ . 


FeL ( OH) , 


^eL( 0 H) 2 ’ ^R'^w which 


can be obtained. 


Above pH 9.5/ on the other hand, the term containing 
[FeL(0H)~’] can be neglected, and equation (12) transforms to 
equation (17) . 

FeL ( OH) ^ 


k(l + K^Ky[H'^]) (1 + K^j^[h ]) - 

FeL(0H)o 


^R*^eL(0H)2*^w 


= k. 


R 


^eL(0H)2*^w • j-^+j 


(17) 




Fig.Iir.9 


Resolution of rate constant 


viz. k 


Fe MEDIA (OH >2 
HR" 
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For simplification we may set 


B = k(l + K^Ky[H‘^])(l + K^j^[h+]) 


FeL(0H)2 

•^R*^FeL(0H)2'^w 


... (18) 

A plot of left hand side of equation (17) versus 1 /[h'^], 

again yields a straight line (Fig. III. 10) passing through the 

FeL(0H)„ 

origin with a slope equal to k . .K , which enables 

PeL( 0 H )2 ^ FeL( 0 H )2 w 

us to obtain k^^ . It is not possible to calculate the fourth 

rate constant , because the species [FeL(OH) ] exists only 

upto pH 10 (Pig. III. 6) and [r^"] exists above pH 10.5 (Pig. 111,5). 
The concentration of any one in the presence of other is negligibly 
small and the rate iS/ therefore, very slow. All the resolved 
rate constants are listed in Table III ,5. 

III. 3. 6 Temperature dependence of forward and .reverse rate 

Activation parameters for the forward and the reverse 
reactions were obtained from the Arrhenius plots drawn in the 
temperature range 25— 45^C. These are given in Table III. 6. 



[b] X Id 


05 



i/Mxio’° 


Fig.IIUO Resolution of rate constant for the 
reaction of [FeHEDTA(OH)^^"and R^". 
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TABLE III. 5. Resolved rate constants for the reaction of Fe(NTA) 
and Fe(HEDTA) with Par. 


Fe(NTA)— Par System 


FeL(OH) 




= 5.6 X 10 M 


FeL ( OH) 


= 1.04 X 10^ M 


Fe (PIEDTA)-Par System 


FeL (OH) 


^R 


= 1.8 X 10 


-1 


M 


-1 -1 
s 


FeL(OH)^ 

^R 


5.0 X 10 



FeL(OH)^ 2 -i • 

= 5.9 X 10 M s 
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TABLE III. 6. Activation Parameters 


Forward Reaction 

(a) Pe{NTA) + 2 Par Reaction (b) Fe (HEDTA) + 2 Par Reaction 
pH = 9.0 + 0.02 pH = 10.0 + 0.02 


AH°^ 

= 62.6 + 

0.7 kJ mol ^ 

AH^^ = 86.1 

+ 2.1 

kJ 

mol 

AS°^ 

= . 3 + 

1 JlT^mol”^ 

AS°^ = 46 

+ 7 

jk” 

^mol 


Reverse Reaction 

Zero order dependence in [Par] First order dependence in [Par] 

(c) Pe(Par )2 + NTA Reaction 
pH = 9.0 + 0,02 

AH°^ = 41.8 + 0.4 kJ mol”^ = 34.5 ± 0.4 kJ mol“^ 

=-254 + 4 JK“^raol”^ AS°^ = -237 + 1.3 JK"*^mol“^ 

(d) Fe(Par )2 + HEDTA Reaction 

pH = 10.0 + 0.02 


11 

72.3 

+ 2.0 kJ mol ^ 

ah"^ 

= 53.2 


2.1 kJ mol ^ 

= 

-171 

+ 6 JK^^mol"^ 


= -160 

± 

7 JK^^mol”^ 
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III. 4 DISCUSSION 


The results of studies on the foirward and reverse reactions 
of [PeL] and [Par] suggest a mechanism given in equations (19)-(2l). 


[PsL(OH) ] + HR 

r 9 

iRPeLr + H^O 

fast 

... (19) 


-1 



[RFeL]2“ 

rFeRl'*' + L^” 

'' ^-2 

r .d.s 

... (20) 

[peR]'^ + hr" 

— [FeR2] + h'^ 

fast 

... (21) 


According to the proposed mechanism the rate of forward 
reaction is given by 

Rate = k 2 [RFeL^“] ... (22) 

and from equilibrium of equation (19) 


[RFeL^"] = K^[FeL(0H) ] [hr"']/[H 20] (K^ = k^/k_^) 


K. 


[h^o] 


[FeL(0H)”][HR ] 


... (23) 


By putting the value of [RFeL^ ] from equation (23) into 
equation (22) , 


Rate = — [FeL(OH) ][hr ] 
[H2O] 

- k [FeL(0H)”][HR“] 


. .. (24) 


k =s k 2 K^/[H 20 ], concentration of water is large enough to be 
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considered constant. This is consistent with the experimental 
forward rate equation (4) . 

The reverse reaction between [FeR 2 ]~ and L^~ is zero order 
at low ligand concentration. This shows a dissociation of the bis 
complex to the monocomplex [PeR]"^ and the free ligand R^"", accord- 
ing to equation (21) • The rate law for the reverse reaction may 
also be derived as for the forward reaction# 

Rate = k_ 2 [FeR'^][L^”] ... (25) 

Considering the equilibrium shown in equation (2l) 


So Rate 


[PeR'*'] 


K;i[FeR;][Hq 

[hr-] 


K3^[FeR^] 


[FeR“][L2 ] 

[R^-] 


. .. (26) 


(27) 


... (28) 


This is also consistent with the experimental observation 

that the reverse reaction is first order in each [PeR 2 ] and 

2 — 

and inverse first order in R (equation 6) . By comparing 
equation (6) and equation (28) we get 







-1 

where 
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The observed orders, for the forward and the reverse reaction 
lead to the preposition that the first step is very fast and that 

O 

a stable l:i:i intermediate [rFcL] forms instantaneously in each 

case. This type of intermediate formation has been reported by 

9 11 10 4 

many authors in the case of Ni^^ , ^ , Zn^^ etc. 

This mixed ligand intermediate gives [PeR]"^ and [l]^” (equation 20) . 
It is presumed that Par is not as flexible as aliphatic polyamines . 

It is unlikely, therefore, that NTA or HEDTA would react with Par 
complexes via a stepwise removal of the donor atoms of Par from 
the coordination sphere of the central metal as postulated previously 
in the substitution of polyamine complexes of nickel by EDTA , 

DTPA, PDTA, , TMDTA and HEDTA. As soon as one donor atom 

/ 

of Par is removed from the central metal ion of the intermediate 
[RPeL] in the reverse reaction, the other two also get detached. 

The ligand attack on FeR'*' should, therefore, be the rate— determin- 
ing one. 

The moderately high activation enthalpies and positive 
entropies of activation (Table III. 6) for the forward reactions 
compared to the reverse reaction are also in accord with the 
proposed rate determining step. In the forward reactions a bond 
dissociation is taking place. Thus, the mechanism is a dissociat- 
ive one rather than associative. A comparison of activation 
parameters of the reverse reactions in conditions of first and 
aero order dependences in [HPar”] indicates that the ligand 
dependent pathway is associated with lower activation enthalpy 

It 
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than the ligand independent path. The entropies of activation 
for the reverse reaction (when order is one in ligand) is large 
and negative as expected for the reverse reaction of the second 
and rate determining step (eguation 20) . However/ the entropies 
of activation for the dissociation of Fe(Par )2 complex (equation 21 , 
when order is zero in ligand) is not easily rationalized. It would 
be necessary to give a detailed consideration to the solvation of 
the reactants and the transition state species in the dissociation 
step and this is not easily done. We are/ therefore/ content with 
reporting the experimental values without comment. 

Evidence for these reactions is provided by repetitive 
spectral scans of the reaction mixtures at suitable intervals. 
Repetitive scans for the forward and reverse reactions of 
[pe (HEDTA) ]-Par reaction system are given in Fig. III. 11 and III. 12. 
These scans show the formation and decay of the product and the 
reactant species respectively. The growth of peaks at 720 and 
496 nm (Fig. III. 11) is due to formation of [Fe(Par) 2 ] • There is 
also a continuous decrease of absorbance at 414 nm due to consumpt- 
ion of Par during the course of reaction. The shift of peak at 

210 nm to 225 nm also shows the formation of [Pe(Par) 2 ] and 

release of HEDTA. The appearance of isosbestic points at 450 and 
335 nm suggests that [Fe(Par) 2 ]~ and Par coexist during the course 
of reaction. The spectral changes occuring during a kinetic run 
of the reverse reaction (Fig. III. 12) also support these conclusions. 
There is a continuous decrease in the height of the 720 and 496 nm 

peaks and increase in the peak height at 414 nm due to release o5 



WAVELENGTH (nm) 


Fig. III. 11 Spectral scan of the reaction mixture of 

[Fe(HEDTA2 and Par.[Fe(HEDTA3 = 5.0xl0®M, 
lPa^=5.0x1(5^M , pH =9.0±0.02 ,I=0.1N 
(NaClOA), temp.= 25±0.rc . 






400 50 

WAVELENGTH (nm) 


800 


Fig. 111.12 Repetitive scan of reaction mixture of 

reverse reaction during a typical kfnetic 
run. =2 5x ICT^M, CPar] =5 0 x lO'^M , 

[HEDT^ = 5x pH = 9.0 ,1 = 0^1 M , 

temp = 25°C ; A = |F«(Par)2] = HEDTA . 
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for. Isosbestlc points at 45o and 

AppreciahJo concentration of neither fj'” 


TO su^arlae, the substitution of fPeLl 

tal.es place in three steps ( . 

® Steps (equations 19-21) thrnnrrVi i-k ^ 

a .ixed ligand intermediate [rpslJ^- d ' " 

Intermediate to fPeRT*’ anrf t 3- 

step. The addition of seco d """" determining 

uaition Of second molecule of Par is ^ 

in the formation of [peR^]- finally. 
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CHAPTER - IV 


THE STUDY OP KINETICS AND MECHANISM OF LIGAND SUBSTITUTION 
REACTIONS OP [PdPar(OH) ]~ AND [cd(Par) 2 ]^“ WITH CYANIDE 
IONS BY STOPPED PLOW TECHNIQUE 


ABSTRACT 


The reaction of [PdPar(OH) ] with cyanide ion has been 
followed at 510 nm of [PdPar(OH) ] ) while the reactions of 

[cd(Par) ] and [cd(Par) 2 ]^ with cyanide ions have been followed 
at 495 nm (A of [cd(Par)] or [cd(Par)^]^ ) by stopped flow 
technique at pH * 11.0 + 0.02, I = O.lM(NaClO^) and temperature = 
25 + 0.1 under pseudO“first-order conditions taking cyanide in 
large excess (Par* 4- (2-pyridyla2o) resorcinol) . The reaction 
between [PdPar (OH) ]"“ and cyanide ion followed first order kinetics 
each in [cn“”] and [PdPar(0H)~3 . The reactions of [cd(Par) ] and 
[cd(Par) 23 ^”’ with cyanide ions also followed first order kinetics 
in each reactant at higher cyanide concentrations. However, the 
reactions of [PdPar(0H)]“ and [cd(Par)23^ with cyanide ions 
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followed zero order dependences in [cN ] at extremely low cyanide 
concentration. 

The reverse reaction between [Pd(CN)J^" and [cd(CN) ]^“ 
with Par followed first order kinetics in each reactant and an 
inverse first order dependence in cyanide ion. It is inferred 
that the fourth step is the rate determining one in the proposed 
five step mechanistic scheme. Other studies viz. effect of ionic 
strength# pH dependence and temperature dependence are also 
conducted and support the proposed mechanism. 

IV . 1 INTRODUCTION 

The kinetics of formation and dissociation reactions of 
mono— and bis- complexes of metal ions in aqueous solutions have 
been widely studied since the development of techniques for the 
study of fast reactions.^ Kinetic investigations of the reactions 
of Ni(Il) complexes have been undertaken by many workers. The 

O— 

formation of [nKCN)^] from the reactions of Ni(en)2/ Ni(dien)2 

2 

and Ni(Par)2 with cyanide ion has been studied by Nigara et al. 

Recently w@ have been investigating the kinetics and mechanism 

of reactions involving the exchange of poly aminocarboxy late 

ligands complexed to Ni(Il)^ and Fe(IIl)^ by a monodentate ligand 

viz, cyanide ion. There are many studies on the substitution 

2 5 

reactions of bis and binuclear complexes of Ni(Il) ' and 

Pe(IIl) Relatively much less is known# so far, on the 

8 ' 

exchange reactions of Pd (II) and cddi). 
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In tho present investigation we report the kinetics of 
the reactions of PdR and CdR^ with Cn" represented grossly by 
equations (l) and (2). Par is further abbreviated to R in the 
following narration. 

PdR + 4 CN [Pd(CN)^]^“ + ... (1) 

r 

CdR^ + 4 CN [cd(CN)^]^“ + 2 R^" ... (2) 

Ic 

r 

and are the overall rate constants for the forward and 
reverse reactions. The reaction of cdR with cyanide is also 
investigated to provide further support for the mechanism proposed 
for the bis- complex reaction with cyanide. 

IV .2 EXPERIMENTAL 

The reagents were of AR(BDH) grade unless stated other- 
wise. The stock solution of [PdCl^]^was prepared by using a 

9 

Rtethod given in literature and standardized gravimetrically by 

using dime thy Iglyoxirne.^*^ Tetracyanopalladate (II) was prepared 

by using palladous chloride and potassium cyanide as starting 

materials. A solution of tetracyanocadmate (II) was prepared 

12 

according to the method of Brauer, The mono complex PdR and 
CdR and the bis complex CdR 2 were prepared by mixing solutions 

o 

containing stoichiometric amounts of [PdCl^] or cdso^ with 
recrystallized sodium salt of Par (Reidel, Germany) respectively. 
Sodium cyanide was standardized argentometrically. 


Sodium 
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tetraborate. Boric acid and Scxaium hydroxide were used to maintain 

desired pli wherever needed. NaClO^ (E. Merck) was used to maintain 
the ionic strength. 

ix stopped flow spectrophotometer model SP— 3A from Hitech 
(England) equipped with a storage oscilloscope model OS— 768S of 
ECIL (India) was used for the study of both forward and reverse 
reactions. A Polaroid camera was used to record the kinetic 
traces. All pH measurements were made on a digital pH meter 
model LI-*‘120 from Elico (India) using BDH standard buffers for 
standardization. A Shimadzu double beam spectrophotometer model 
UV~240# with a circulatory arrangement for thermostating the cell 
compartment, was used for kinetic study. An ultracryostat model 
2 NBE (VEB Kombinat Medizin and Labortechnik Kombinatsbetrieb) was 
used to maintain temperature of the reactants. 

IV . 3 KINETIC MEASUREMENTS 

The ligand exchange reactions of [PdR(OH) ]“ with cyanide 
ions were followed at 510 nm of [PdR(OH)] , 0 = 3.34 x 10^ 

M‘'^cm“‘^) by monitoring the disappearance of [PdR(OH)] , over a 

n. 

pH range of 8.5-11.25. The reactions of [cdR] and [cdR 2 ] with 
cyanide ions were followed at 495 nm of [cdR] or [cdR 2 ] , 

^CdR * 3*2 X M““^cm"^, ^CdR ^ ^ 

monitoring the disappearance of [cdR 2 ] # over a pH range of 
9.0-11,25. The forward reactions were run in the presence of a 
large excess of CN’” and all gave pseudo-first-order plots. At 
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these wavelengths. Par also absorbs appreciably, so corrections 
were dj jilled to thp- absorbances of [PdR(OH) ]~ or [cdR^]^"" at 
this wavelength. A formula has been derived for calculation of 
the concentration of respective species (C.) as given in 
equation (3) . 



where A is the total absorbance, ^ and ^ are the respective 
molar extinction coefficients of the complex and Par respectively 
at that wavelength. C® is the initial concentration of respect- 
ive complex species. The reverse reactions , that is the formati- 
ons of [PdR(OH) ] and [cdR 2 ] from tetracyanopalladate(Il) and 

tetracyanocadmade (II) with Par were also followed at 510 nm and 

2 — 

495 nm respectively because the spectra of [Pd(CN)^] and 
[cdCCN)^]^ are almost featureless in visible region. 

IV. 4 RESULTS 

Re<^^tion of [PdR(OH) ]"* with cyanide 

2 — 

The rate of formation of [Pd(CN)^] is first order each 
in [PdR(OH) ]""and CN*" at pH = 11.0 and at relatively high cyanide 
concentration. The effect of concentration of cyanide can be 
seen in Fig. IV. 1, where the slope of a plot of log versus 

log [CN*”]™ gives the order of reaction in cyanide, [gn 
represents the total concentration .present as HGN and CN • 
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various rate constants are given in Table iv.l. The order in 
c-anlno v,,r.ies from zero at low cyanide concentration to one 
at h ichor cyanide concentration. The zero order dependence 
indicates a slow release of hydroxyl ions from the [PdR(OH) ]“ 
according to equation (4). This is followed by further reaction 
of [PdR] with cyanide to give [Pd(CN)^]^”. a similar dissociation 

of hydroxyl ion has been demonstrated in the case of [FeTTHA(OH) 

- 6 ' 

cyanide reaction also. 

j^PdR(OH) * 

[PdR(OH)r — > PdR + 0H~ ... (4) 

Thus the rate expression has the form 
Rate * l’jjPdR(OH) ^ j [PdR(OH)"’] ... (5) 

^obsd “ + k'[cN'] ... (6) 

The values of the two constants on the right hand side of the 

•—1 *-1 2 —1 —1 

equation (6) are 1.5 x 10 s and 1,88 x 10 M s respecti- 
vely at 25®C and I « O.lM(NaClO^) . 

I V . 4 . 2 Depende nce of reaction rate of [PdR(0H)]~ and CN on pH 

An S— shaped curve is obtained when the reaction between 
[PdRCOH)]”* and CN~ ion is followed in the pH range 8.5-11.25 
(Pig. IV, 2 and Table rv.2) with a levelling off at pH~ll. The 
pH profile in the lower range can be explained on the basis of 
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TAl-LE IV.l. Dor>ondence of cyanide concentration on the reaction 
of [fdR(OH)] and cyanide ion at pH = 11.0 + 0.02^ 
toiTip, = 25 + 0.1°c and I = O.lM(NaClO^) , [PdR(OH)“] = 
( 1.0 - 4 .0)x lO^^I. 



k <.“1 

obsd' ® 

—2 — 

10 xkj;=k , j/fCN ]„/ 
f obsd' -^T 

“1 

M s 

2.0 X lO"”^ 

3.98 

1.99 

1.5 X 10“^ 

2.95 

1.97 

1.2 X 10~^ 

2.19 

1.83 

9.l2x IQ-^ 

1.86 

2.04 

7.59X lO”^ 

1.45 

1.91 

6.61X 10~^ 

1.35 

2.04 

3-98x 10~^ 

0.99* 

- 

2.51X 10“^ 

0.74* 

- 

1.0 X lO”^ 

0.76* 



k^(av) = (1.96 + 0.07)xl0^ ^ 

r — 


* 2®ro order dependence in [CN ] 
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TAP.LE IV. 2. Dependence of reaction rate of [PdR(OH) ]“ and 
Cl. on ph; [PdR(OH) ] = 4.0 X 10“\, [cn”] = 
l.b X 10 -M. temp, = 25 + 0.1°c and I=0.1M(NaCl04) . 


pH 

^obsd' ® 

—1 —1 

M -^s 

8.5 

8.63 X 10~^ 

5.75 X 10^ 

9,0 

8,94 X lo”^ 

5.96 X 10^ 

9 ,5 

8.84 X 10~^ 

5,89 X 10^ 

9.75 

9.15 X 10“^ 

6.1 X 10^ 

10.0 

1.11 

7.41 X 10^ 

10.25 

1.26 

8.41 X 10^ 

10.38 

1 .68 

1.12 X 10^ 

10.5 

2.27 

1.51 X 10^ 

10.7 

2,61 

1.74 X 10^ 

11.0 

2.95 

1.97 X 10^ 

11.25 

2.96 

1.97 X 10^ 
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different reactivities of hcn and CN , The levelling off of rate 

at pH above 10. /h appears to be due to polymerization of [PdR(OH) ] 
1 4 

species ■ at high pH, 

A rate expression consistent with these observations can 
be written in the form of equation (7) . 

^f[CN]^[CN ] = 

where [cn]^[cn ] * 1 + K^^^[h’**] and is the protonation 

constant of cyanide (log = 9,2 at 25°c and I = O.IM) By 

plotting left hand side of equation (7) versus one gets a 

straight line. One can calculate k^^ and k^^^^ from the intercept 
and the slope respectively (Fig. IV. 3) , Their respective values 
are 7.0 x 10^ and 5.5 x 10^ M-^s”^. 

IV ,4. 3 Reaction of [cdR 2 ]^'' with cyanide 

The exchange reaction of [cdR 2 ] with cyanide ions and 
vice versa were followed at 495 nm. The rate of decay of cdR 2 
is first order each in [cdR 2 ] and [cn] over a wide range of 
cyanide concentration always present in excess. The effect of 
variation of cyanide can be seen in Fig. IV. 4, where the slope 
of a plot of log versus log[cN ] gives the order with 

respect to cyanide ion. A significant feature of this curve is 
that at low cyanide concentration the plot tends towards zero 
order dependence in cyanide. This observation indicates the slow 
dissociation of the bis— complex according to equation (8) . 



X 10 
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CdR„ 

^ . 2 - K n 

CuR^ - CdR + R (8) 

At hiqher concentration of cyanides however, a first order 
dependence in cyanide has been observed (Table IV. 3, Fig. IV. 4). 
This points to a faster cyanide assisted dissociation of CdR^ 
according to equation (9) 


CdR^ t XCN q - CdR(CN)J + R^ ... (9) 

CdR(CN)^“ + (4-x)CN~;^ Cd(CN)2" + r 2~ ... (lO) 


The observed rate constant, k . 

obsd 


can be written as 


k 


obsd 


CdR„ 

l<d + 1 c'[cn"] 


... ( 11 ) 


The monocomplex [cdR] also reacts with excess cyanide 
following first order kinetics with respect to cyanide. The rate 
constants are comparable with those of sxibstitution reaction of 
the bis complex (Fig. IV. 4) in the same concentration range. This 
leads to the conclusion that the rate determining step is the same 
in both reactions. The observed rate constants are given in 
Table IV. 3. 


IV. 4. 4 Dependence of reaction rate on pH 

The reaction rat^of [cdR 2 ] - and [cdR] with CN ion 
are found to decrease with increase .of -pH from 9.0 to 1 0.5 and 




Zero order dependence in 
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tfie remain almost constant (Pig, iv s t'='ki ttt /i \ 

IV. b. Table IV. 4). The reactions 

were studied in presence of excess cyanide where order in cyanide 

13 unity, fn.nn rote data between pH 9 and 10 and adopting a 

procedure similar to that descrlh-^^ 

cic aescribed in section IV. 4. 2, it has been 

possible to resolve the rate*? rSno +-^ >. a.- 

rates due to reaction of protonated form 

of cadmium complex with cm" ar.a 

Witn CN and HCN. The graphical resolution is 

given in Fig. iv.6. The values of k and v . 

2.0 X 10 M s and 4.9 x 10^ m“^s“^ respectively. The rate data 
above PH 10 ia analysed in the following banner. At pH^lo cyanide 
is present mainly as CN~ (pK^ = 9.2) while the cadmium complex is 


present as CdUR and CdR (pK = 10.5)^^ 


Rate a J'f [cdR]^[CN“] . 

“ ... ( 12 ) 

% 

where [cdR]^ a [cdR] + [cdHR] 

Therefore, [cdR]^/[cdR] = (l + 

Thus ecjuation (12) is transformed to equation (13) , 

kjCcdRy[cdR] = ... ( 13 , 


1 
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TABLE IV. 4 


Sffoct Of PH on the rate constants of [cdR B'-cn" 
and tCdR]-cN reaoH,s„ ^ ^ L'-dRjJ “CN 

r - „ at temp. = 25 + o.l°c and 


0,lM(MaClO^ ) 

4 * 


CdR.-CN System 


'obsd' 


j 10 M~^s 


1 “1 


CdR CN Sys tem 
'^obsd' s ^ ! 10 xkjc, 


9.25 


10.0 


10.2 


9.7xl0‘ 


10.5 

10.75 


11.0 


11.25 


8,7xl0‘ 

8.4xlo" 

8.3x10“ 


1.3 


1.7 


1.1 



HKhcnLh:J]x10 
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FigJV.6 Resolution of rale constants for 
the reaction of [CdR^^ with 
cyanide. 
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'ransr.or.inq and dividing throughout by [h+J, one obtains 


kj, (l + jj 


vCdHR _ cdR ^ 

[h+] CN • ^CdHR " ^CN * 


.. (14) 


By plotting loft hand side of equation (14) versus 1 /[h'^], one gets a 
straight line passing through the origin (Pig, iv.T) , A slope of 
this line gives the value of as 1.6 x 10^ m“^s''^. 


All the 


three constants are included in Table IV, 8. 


It is interesting to note that the reactivity of HCN is 

greater than Cn”* towards Par complexes of Cd(II) as in 

_2 _ ■■ ■ 
the case of NiPar 2 *“CN reaction while in case of NiL 2 -CN~ reaction 

(L * polyaminocarboxylates) the reactivity order is reversed. It 

may also be mentioned that the reactivities of cdHPar is slightly 

higher than that of CdPar complex. 


IV. 4. 5 Kinetics of reverse reaction 

o 2— 

The stability constant of [Pd(CN)^] and [cd(CN)^] are mucl 
greater than those of [PdR(0H)]“, [cdR] and [cdR 2 ] complexes (log ; 
0^ of [Pd(CN)^]^” « 42^® and log 0^ of [cd(CN) 4 ]^“ = 19 ,^'^ log 
4.9^® and log 02 ^^^2 * 17.5^^). It becomes possible to force | 

the reverse reactions only by using a sufficiently high concentratioii 
of Par. As Par does not obey Lambert— Beer's law at concentration i 
higher than lO^^M, low concentration of [Pd(CN)^] and [Gd(CN)^] 

(^2 X 10 ^M) were taken in order to maintain pseudo— first— order 
conditions. The rate law for reverse reaction has been written as ; 
rate A-F of fPd(Ctfl) ,]^"/[cd(CN) 4 ]^" as given in equation (15) . 
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d[cd(CM)^ ' ^ [cd{CN)^ ][Par]^ 

d[rd(CX)^~1 ^ [P'3(™)2-][par]^ 


• •• ( 1 ^ 3 ) 


. .. (15b) 


The integrated rate equation in terras of the absorbances 
of [cdR 2 j or [PdR(OH)] at their respective X can be formula- 

iUoX. 

ted as given in equation (16) 


(A^-A^) + (A_-A^) 


In 


A --A 

00 

A -A 


t 

o 


£.1 

4 *^obsd*^ 


(16) 


where A is the initial absorbance due to Par. A and A are the 
absorbances at time t and after completion of reaction respectively^ 
£ is the molar extinction coefficient of [PdR(OH) or [cdR 2 ]^'” and 
1 is the path length. By plotting left hand side of equation (16) 
versus t, one gets a straight line (Fig. IV .8) by which one can ; 
calculate^ ^obsd hence values are | 

given in Table IV. 5. i' 

■I 

IV.4.6 Dependence of forward rate on ionic strength j 

The forward rates for both reactions have been studied at 
different ionic strengths by adding different amounts of sodium 
perchlorate. The Bronsted-Bjerrum equation was obeyed by these 
reactions. The value of the product have been calculated 

for both reactions (Fig. IV .97 rv.lOand Table IV. 6) . 




Fig. IV. 8 Inverse first order plots for the reaction of 
[Pd(CN)^^‘ (o) and [Cd(CN)4]^‘ (•) with 
par reaction conditions as in table IV. 5 . 
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TABLE iV 


Of reverse reections. 

= '■'•° ± 0-02- I = O.lMtHaclOJ 

4 


.0" X [Par',„,K 


10®xk=)c. / 

r obsd^ 


(A) [PdCciO^ 


1-33 X 10 S, temp. = 40 + 0.1°c. 


k^(av) = (3.8 + O.Dxlo"^, 


-6 -1 

» # s 


(B) [cd(CN)?" 


2,0 X 10 H, temp. = 30 + 0.1°c. 


6.66 


0.76 


k (av)=:(l.8 + O.DxlO 


6 -1 
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Fig. IV. 9 Dependence of forward rate on ionic 

Strength for the reaction of [CdR^ -CN . | 

Reaction conditions as in Table IV. 6 . J 
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Jlfi H-/1 ) 

Fig. IV. 10 Depcndcrce icf forward rate on 
Ionic stretigth for the reaction 

of [Pdfl (OHO’-CN. 


'I 



143 


table IV. fj. Effect of ionic strenoth on 4= 

gtn on the forward reaction rahe 


I, K(Nacio^) 


obsd' ® 


10 M ^ 


(i) LPdKlCH)”"] a 4.0x10“^M, [cN~] = 1. 


5x10 M, pH = 11.0 + 0.02, 


temp. « 30 + 0.1°C. 


. j-.. .. - -fc. a. • w 1 v-y t 

0,05 

3.0 

2.0 

0.06 

3.2 

2.1 

0.08 

3.5 

2.4 

0.1 

3.7 

2.5 

0.12 

4.3 

2.9 

ii) [cdR2~] - 5.0 x10”®M, 
temp. * 2b + 0*l°c. 

[cn“j = 7.5x10"2m, 

pH = 11.0 + 0.02, 

0,05 

1.0 

1.4 

0.06 

l.l 

1.5 

0,00 

1.2 

1.6 

0*1 

1.4 

1.9 

0.12 

1.5 

2.0 
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TARI'E xV » / • ACwivsti. On psrsrnstGirs • 


A. I - CN System 


Forward Reaction: 

Zero order dependence 


= 67.1 + 1*3 kJ mol“^ 
AS®*^ =-21.7 + 4.5 JK“^mol“^ 


First order dependence 

16.6 +1*0 kJ mol ^ 
-146.0 +3.4 JK'^mol”^ 


Reverse Reaction: 


- 

37.7 

+ 1,1 kJ mol'“^ 

M 

m 

-224 

+ 4,0 JK~^mol~^ 


B. 


.CdR«j' 


CN System 


Forward Reaction: 

Zero order dependence 
AH®^ = 39.7+1.0 kJ mol" 

AS^ m -120.1+ 3-3 JK'^mol 


First order dependence 
14.6 + 0.3 kJ mol“^ 
-153.3 + 0.9 JK“^mol“^ 


Reverse Reaction: 

* 13.1 + 1.0 kJ mol"” 

AS^ » -305.1+ 1.8 JX'^mol 
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parameters of the forward and reverse 
r'Niction rates 

rho foi"ward and reverse reactions have been studied over 
a tOMperature range of 25— 45°C, The Arrhenius equation was 
obeyed by both forward and reverse reactions • The activation 
parameters have been calculated for the situations where 
dependence on cyanide is zero and one respectively. These data 
are given in Table IV,7» The activation parameters for the 
reverse reaction are also included in the same table. 

IV. 5 pisgjssioN 

It has been demonstrated (vide infra) that in the forward 
reactions of both [cdParj]^- and [PdPar(OH) a zero order 
dependence in cyanide at low concentration and a first order 
dependence at high concentration has been observed. In the 
reverse reactions, first order dependence each in [cd(CN)^] / 

[PdCCN)^]^"* and Par while an inverse first order dependence in 
cyanide have been exhibited. This inverse first order dependence 
shows that the penultimate step is rate determining. A combination 
of forward and reverse rates points to a stepwise mechanism, for 
the octahedral— tetrahedral transformation or vice versa, given 
from equations 17-21 . 
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CdR^" 

«c«, 

2 - 

CdR 2 + CN 

CdR(CN) + CN 
2 - 

CdRCCN)^ + CN 
3“ 

CdRCCN)^ + CN 


CdR^ 

^ CdR + R^ V. slow ... (I 7 ) 






A 






+cn“ 

-cn“ 





K' 



(fast) 



'C— 

1 

i±: 

CdR(CN) + 


fast 

... (18) 


^2 



2 - 







CdR(CN)2 


fast 

(19) 


^3 



3- 




'<tc— 

k 


CdR(CN)2 


r .d.s 

... ( 20 ) 


-3 















2 ^ 

4 


[cd(CN) 4 ]^' 

+ R^~ 

fast 

... ( 21 ) 


In the case of [PdR(OH)]“ reaction, however, the first 
step constitutes the slow dissociation of hydroxyl group followed by 
second rapid step according to equations 22 and 23 respectively, I 


PdR(OH) 


[PdR(OH) ]' 


PdR + OH 

_ IK _ 


V. slow 


( 22 ) 


+CN 


>dR(OH)]“ + Cn“ 


Kj 


-CN 

(fast) 




PdR(CN) + OH fast 


(2 3) 


The evidence for release of OH is provided by a slight s 
but definite increase in pH when the reaction is carried out in ■ 
unbufferred medium. Reactions 22 and 23 are followed by three | 
step similar to reactions 19— 2l of cdPar 2 “CN reaction. An | 
important feature of both reactions is the cyanide assisted fast ■ 
dissociations of CdPatg and PdR (OH) according to equations 18 and 23 . 
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Similar .stepwise mechanisms, as proposed herein, have 
been pr'-'posod for the reactions of bis and binuclear complexes 
0 -. IliL 2 and (L - polyaminocarboxylates or polyamines), 

IJiPar^ (ior = '^~(2-pyridylazo} resorcinol) and Pe 2 L^^'^'^ (L = poly- 
aminocarhoxylates) with cyanide ions. Though a variable order 
dependence in cyanide ranging from zero to three is expected, as 
in the case of reactions cited above, we could observe only a zero 
order and first order dependence in cyanide in both reactions. 

This may happen due to the immediate formation of the stable 
intermediates CdR(CN )2 or PdR{CN) 2 * The point will be discussed 
later. 

A steady state treatment on intermediate species 
[CdR(Ctl) 2 ]^ , [cdR{CN) 2 ]^ , [cdR{CN) and [cdR] and a consi- 

Q— 

deration of dissociation of [cdR 2 ] ”* gives a rate expression (24), 

CdR- 2 ^.,[cN“]^[cdR2'~] 

Rate s k, ^ [cdRo 1 + — - — = — x ‘ ... (24) 

2 1 + Kj;[cN‘]+K' KjCcN-f 


This expression reduces to a third, second and first order 
dependence in cyanide concentration at low, medium and high 
cyanide concentrations respectively. The first term in equation (24) 
corresponds to [cdCCN)^”] formation from dissociation of CdR 2 accord- 
ing to equation {17> . A rate expression for [PdR( OH) ] reaction 
can also be derived in a similar manner . 

One can proceed now to derive the experimental rate law for 
the reverse reaction also by applying steady state treatment to the 
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intormo'.ii.itf.’ produced in the rate determining step, viz., 
tth'* ( Ch ) , . Hate ot formation of this intermediate is given 

Vjy oqnalv.on (dhj, which may be set equal to zero. Thus, 

-d[cdR(Cl 0 3“l/dt = k2[cdR(CN)2"'][CN“] - ]c_2 [cdR(CN) 

+ ^_4[cd(CN) J“][r^“] - k^[cdR(CN)^''][CN“] 

= 0 ... (25) 


SO [CdRCCM)^"] 


k [cdR(CN)2 3 [cn J + k_4[cd(CN)? ] [r^ ] 

as - I ..I ■ . .1 1 .1 u ■ 

k^EcN"] + k_3 


( 26 ) 


-n2[cdCCN)rJ/dt « k _[cdR(CN)3-] 


)^^3{k3[CctR(CN)2 ][CN“]+k_4[cd(CN)J ][R^-]} 


k^EcN"] 


+ k 


(27) 


In presence of excess Par, the first term in the numerator 1 

can be ignored. In the proposed kinetic scheme it has been assumed f 

that the fifth stop is fast compared to the fourth one and value j 

ofk (alsok.) must be quite large compared to k^^ . Thus even 
4 —4 

though [cn"! may be small. k^LcN”] may still be quite large | 

compared to k^^^ which may be omitted in the denominator. With 
these assumptions equation ( 27 ) reduces to equation (28) . 
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RcitC 


-d[cd{CN)^“j/dt 


^-3 K/[cd(CN)^ ][r^ ] 
[cn“] 

k^[cd(CN)2"][R^"'] 

[cn”] 


(28) 


where "" ^-3 ^4^* 

This rate expression is in confirraity with the observed rate law 
for the reverse reactions (equation 15 a). The evidence for 
formation of an intermediate ([cdR(CN)^]) is provided by a 
sudden rise in absorbance immediately after the start of reaction 
in presence of high concentration of cyanide followed by the 
usual exponential decay. Three such traces are shown in Fig. 

IV. 11 and IV. 12. 


A combination of the forward and reverse reaction of 
[PdR(OH)l with cyanide gives the values of (or ^ 2 ^ 

[PdR(CN) 2 ]^^ which is the reactive species for forward reaction 
in presence of moderate or high concentration of cyanide . 
stability of this mixed ligand complex must be quite high. The 
value can be calculated by an expression similar to one given by 
Margerum et al.^^ for Ni(CN)f formation reactions. For PdR 
reaction with cyanide, the expression takes the form (equation 2 9) 


KiK^ 


^3 ^PdR 


... (29) 


where is the overall formation constant of [PdCCNj^J , 

k_3 end- Kj^ is the stability constant of the mono complex. 







u 

C 

0 

xz 

.Q 


L. 

• mm 

O 


{/) 

n 

1 

O CM 

c 

•jCM* 


k. 

(9 

(/) 

a 

o 

Ci> 

i- 

u 

XJ 

c 


c 

(9 

o 

c 

•U 

o 

X7 


□ 

o 

(/) 

a 

C9 

<9 

k- 

x: 

o 


o 


•t-* 

O 

JZ 

o 

(/) 

♦.» 

(A 

tn 

V 

(9 

u 

x: 

o 

u. 

k_ 


C9 

U 

o 



c 







g 

0 

'B 

o 

C9 

a. 

E 

>» 

E 

h- 



> 

o> 

iZ 


cyanide ion. (A) Time base = 10m sec. (B) Time base = 5m sec. 





Fig. 1^.12 Kinetic trace showing the sudden increase 
in absorbance immediately after the 
start of a reaction of [PdRCOH^ with 
cyanide ion. Time base = 5m sec. 




152 


The value of thus calculated for [PdR(CN) is 1.14 x 10 ^^. 

It is difficult to calculate the value of product ^^^2 
CaRinii)^, ivcause of lack of knowledge about the stability 
constant of cdR complex. 

The observed positive salt effect giving Z Z„ca:2 and the 

observed first order dependence may indicate that equation (18) 

or equation (20) could be the rate determining step in case of 

CdR„ 

CdR 2 *“CN system . The step involving k^^^ (equation 18) has been 
shown by Margerum et al. to be the slow step while studying the 
reaction of Ni(MIDA )2 and Ni(IDA )2 with cyanide ion. Nigam et al. 
have also arrived at a similar conclusion in the case of reaction 
of Ni(en )2 with cyanide ion. On the other hand, addition of the 
third cyanide has been reported to be rate determining in the case 

of exchange reactions of polyamino and aminocarboxylato chelates 

3,26 _ 
of Nidi) by cyanide. Thxisin the case of Ni(dien)^— CN reaction, 

NiL2 

the value of is higher than the value of k. at higher 

NiL2"^ 

cyanide concentration which indicates that k^^^ is not the rate 

2 

determining step. 

The high activation enthalpy at low cyanide concentration 
(i.e. for cyanide independent path) compared to that at high 
cyanide concentration (i.e. for cyanide dependent path) in 
[PdR(OH) ]~~CN'*' reaction indicates the rupture of metal-ligand 
bond in the former process. The much less negative entropy of 
activation provides further support for cyanide independent 
dissociation in the first step (equation 22 ) in the reaction 
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mechanism. The large and negative entropy change for the forward 
reaction at high cyanide concentration and also for reverse react- 
ion indicates the formation of a highly ordered activated complex : 
in these cases. ; 

In the case of CdR 2 — CN system the activation parameters 

for the forward reaction (Table IV.T) indicates that the cyanide 

dependent dissociation ( octahedral- tetrahedral transformation)! 

is associated with low activation enthalpy but more negative 

entropy change than the cyanide independent path of higher enthalpy 

and less negative entropy change. For reverse reaction involving 

a tetrahedral to octahedral conversion, ah’^ was found to be low 

27 

and comparable to those reported by other workers for some I 

ligands# i 

In brief, the bis complex [cdR 2 ]^ and mono complex 
[PdR(OH) ]” do not convert directly to cyano complexes of Cd(Il) 
and Pd (II) respectively but lose one of the ligands viz. Par in 
case of Cd(II) and hydroxy group in the case of Pd(ll) before 
the rate determining step (equations 17 , 18 and 22 ,23) and mixed 
ligand complexes of type MR(CN)j^ (where M = Pd(ll) or cd(ll) and 
X - 1 or 2) are formed rapidly. Addition of the third cyanide 
constitutes the rate determining step. Table IV,8 summarises 
the equilibrium and rate constant data obtained from these 


studies . 
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TAI'i.E 


Suinmfirv tho ^ 

the rate and equilibrium constants 



^2 

- 

3.16 X 10^”^ 


1-5 X 10~^ 

2.0 X lO”^ 


1.14x 10^^ 



(1.96 + 0.07) xlO^ 

(1.8 + 0.04) X 10 


7.0 X 10^ 

2.0 X 10^ 


5.5 X 10^ 

4.9 X 10^ 

K“^k,3(s“^) 

(3.82 + 0.1)xl0“^ 

(1.75 + 0.12)xl0“' 




155 


REFERENCES 


1. Eigen and R,G. Wilkins, ' 'Mech. Inorg. Reactions", 

R.I". oould, Ed., Adv, Chern. Series No. 49 (Amer. Chem, Soc., 
’Washington, 1965) p.55. 

2. H.C. Bajaj, M, Phull and P.C. Nigam, Bull® Chem. Soc. Jpn., 

19R4, 564. 

3. K. Kumar and P.C. Nigam, J. Phys. Chem., 1980, 84, 140 and 
references contained therein. 

4. R.M, Naik and P.C. Nigam, Inorg. Chim. Acta, 1986, 13^, 55 
and references contained therein. 

5. R.M. Naik and P.C. Nigam, Trans. Met. Chem., 1986, 11., 11 
and references therein. 

6. P. Mishra, R.M. Naik and P.C. Nigam, Inorg. Chim, Acta, 

1987, 127 , 71 and references Uierein, 

7. N. Gupta and P.C. Nigam, Trans. Met. Chem., 1987 
(comnninicated) . 

8. N. Gupta and P.C. Nigam, Inorg. Chim. Acta, 1988 
(conununicated) . 

9. W.M, MacNevin and O.H. Kriege, J. Am. Chem. Soc., 1955, 

22# 6149, 

10. A. I. Vogel, "Text book of Quantitative Inorganic Analysis" 
4th edn., Longman Green, London, 1978, p. 474. 

11. J.H. Bigelow, Inorg. Synth. 1946, 2, 245. 

12. G. Brauer, * *Hand book of Preparative Inorganic Chemistry , 
Vol • 2, 2nd edn®. Academic Press, New York, London, 1965, 

p. 1106. 

13 , A.I • Vogel, ' 'Text book of Quantitative Inorganic Analysis ' ' , 
4th edn., Longman Green, London, 1978, p. 345. 



156 


14. T. Yotsuyanaqi, H. Hoshimo and K. Aomura, Anal. Chim. Acta, 
1974, 71, 349. 

lb. .tillcn and A.E. Martell, ''Stability constants of 

Iletal Ion Complexes'', Suppl. No.l, The Chera. Soc. London, 
1971, p. 768. 

16. R.M. izatt, G.D. Watt, D. Eatough and J.J. Christensen, 

J. Chem. Soc. A, 1967, 1304. 

17. H. Pearson, Acta Chem. Scand., 1971, 25, 543. 

18. K.K. Saxena and R.S. Saxena, J. Chem. soc. Pak., 1983, 5, 267. 

19. D. Nonova and S. Pavlova, Anal. Chim. Acta, 1981, 123 , 289. 

20. K. Kumar and P.C. Nigam, j. Phys. Chem., 1979, 83 , 2090. 

21. H.C. Fiajaj, H. Phull and P.C. Nigam, J. Coord. Chem., 

1983, n, 41. 

22. K. Kumar, H.C. Bajaj and P.C. Nigam, J. Phys. Chem., 1980, 

84, 2351. 

23. R.M. Naik and P.C. Nigam, Trans. Met. Chem., 1986, 337. 

24. R.M. Naik and P.C. Nigam, Trans. Met. Chem., 1987, 1 ^, 261. 

25. L.C. Coombs and D.W. Margerum, Inorg. Chem., 1981, 123 , 289. 

26. O.B. Kolski and D.W. Margerum, Inorg. Chem., 1969, 8, 

1125. 

27. P. Holyer, C. Hubbard, S. Kettle and R.G. Wilkins, Inorg. 
Chem., 1965# 4, 929^ 1966, 5, 622. 



CHAPTER - V 


MULTIDENTATE LIGAND EXCHANGE KINETICS^ SUBSTITUTION REACTIONS 
OF ETHYLENEDIAMINETETRAACETATE AND TRIETHYLENETETRAMINEHEXA— 
ACETATE ANIONS WITH IMINODIACETATOPALLADIUM(II) 

ABSTRACT 

The kinetics of formation of [PdEDTA]^~ and [PdTTHA]^” from 
the reaction of [PdIDA] with (L = Ethylenediarainetetraacetic 
acid or Triethylenetetreunainehexaacetic acid abbrebiated as EDTA 
and TTHA respectively) have been studied spectrophotometrically. 
Both reactions take place in two stepsjl the first step consists 
of the fast formation of mixed ligand complexes [PdIDAL]” , which 
slowly decompose to the [PdL]^ ^ complexes in the second step. 

The formation of mixed ligand complexes in presence of excess 
incoming ligand in both reactions is pseudo-first-order in [ PdIDA] . 
The rates of reaction in the second step were not influenced by 

4 - 6 - 

the addition of EDTA and TTHA . 

The rate constants decrease as the pH increases in both steps 
of either reaction# which has been explained. The activation 
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Por.„».a..T.-: !cr t factions hava been calculated and used to 
suj'pnrt tuc proposed ssohanlsn,. The effect of ionic strength on 

rate wac ne-,;] igible. 


V.T IKTPODIICTIOn 

The mechanism by which one multidentate ligand displaces 
another from a metal ion centre depends on the ability of both 
ligands to coordinate with the metal simultaneously. It may be 
necessary to replace segments of the initially bound ligand by 
solvent before an incoming ligand can gain a coordination foothold. 
More the segtwnts which must be unwrapped from the metal, the 
slower may be the reaction. Certain multidentate ligands can 
rapidly replace other multidentate ligands from their metal comple- 

1^4 

xes and others slowly. The kinetics of multidentate ligand 
substitution reactions on Cu(II) and Zn(II) have been studied 
extensively. The kinetics and mechanism of the exchange reacti- 

ons of nickel C II) -polyamine complexes with some aminocarboxylates 
viz. TMBTA,^ HEDTA,^° DTPA^^ and PDTA^^ have been studied previous- 
ly in this laboratory* Steinhaus et al.^^ have studied the exchange 
of 1,10 phenanthroline or triethylenetetramine complex of nickel (II) 
And dfifflonstrfttcd th6 f oxtnstion of d mixed ligand inteirruedia.'t.e 

viz. [Nitrien.Phen]^"^ in this reaction. The dissociation of this, 

mixed complex gives [Ni(Phen) which reacts with excess phenan- 

' 24 “ 

throlin® to give [NiCPheny finally. 
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In the present chapter, we report the kinetics and mechanism 
of reactions (1) and (2) which have been investigated to obtain a 
better understanding of the ligand substitution processes involv— 


ing multidentate ligands 

on the 

Pd (II) centre. 


[ Pd IDA 3 + EDTa"^*" 

> 

[PdEDTA]^” + IDA^“ 

... (1) 

[PdIDA] + TTHA®” 

> 

[PdTTHA]'^" + IDA^"” 

... (2) 


V.2 EXPERIMENTAL ! 

V.2.1 Chemicals i 

Purified and recrystallized varieties of IDA (AR, BDH) , EDTA I 

(AR, BDI!) and TTHA (AR, Fluka) were used. Palladous chloride was j 

procured from John Baker (USA). NaClO^ (E. Merck, F.R.G.) was | 

used in tliis study for maintaining ionic strength. All other i 

reagents were of AR grade. Sodium hydroxide or .perchloric acid i 
were used to maintain the pH of solutions. j 

One gram of palladous chloride was dissolved in 1 litre O.IM | 
hydrochloric acid. A complete solution required an hour of stirr- ; 
ing. The presence of [PdCl^]^” was verified spectrophotometrically | 

14 ' i 

by comparison with the data of Cohen and Davidson. The exact | 

strength of the solution was established gravimetrically by preci— | 

15 

pitation with dimethylglyoxime. The complex PdiDA was prepared ; 

2— I 

by mixing stoichiometric amount of [PdCl^] and IDA. | 
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V.2,2 Instrumentation 

All kinetic runs were taken on a Toshniwal Spectrophotometer 
model KL-02, Shimadzu double beam spectrophotometer model UV-240 
was used £oi scanning the reaction mixtures. Both spectrophoto — 
meters were equipped with a circulatory arrangement for thermostat— 
ing the cell compartment. A stopped flow spectrophotometer model 
SP— 3A from liitech# England coupled with an ECIL storage oscillos- 
cope model OS— 768 s was used to record kinetic traces for studying 
fast reactions. A Polaroid camera was utilised to photograph these 
traces. The temperature was maintained by an ultracryostat model 
2MBE (VEB Korabinat Medizin and Labortechnik Korribinatsbetrieb, 

GDR) » An Elico digital pH meter model LI-120 was used for 

the measurement of pH. I 

i 

V.2.3 Kinetic measurements ; 

The substitution reactions of [PdIDA] with EDTA and TTHA | 

were followed spectrophotometrically at 325 nm of [PdlDA..L] [ 

for both complexes) at 30 + O.l^C, pH = 8.5 + 0.02 and I = 0.2M 
NaClO^ in case of EDTA and pH = 8.0 + 0.02 and I = O.IM NaClO^ in i 

case of 'ITHA respectively. , 

' ■ i' 

■ ' ' : i 

V.3 RESULTS 

V , 3 , 1 Protonation and stability consta n ts and species distributions ; 

The protonation constants of IDA/ EDTA and TTHA/ and the 
stability constants of [PdIDA]/ [Pd(EDTA) ] and [Pd(TTHA) ] are 
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listed in Table V,l, The species distribution of reactants^ 
calculated by a procedure due to Perrin and Sayce,^^ from the 
pK^s ot the complex and the ligands are shown in Fig. V.l, V.2 
and V.3. 

V.3.2 Kinetics of formation of [PdlDA.L]^"" 

The first step of reaction was followed under pseudo~f irst~ 
order conditions taking EDTA^“ or TTHA^“ in large excess. The 
rate constants were obtained from the plots of log c_ versus t 
where is the concentration of [PdIDA.L]^~ at any time t and 
obtainable by expression (3) . 

” ^A^ ... (3) 

and are the molar extinction coefficients of.[PdIDA] and 

[PdIDA.Lj^“ respectively. A^ is the total absorbance at time t 
at 325 nm and C® is the initial concentration of [PdIDA] . 

The reaction was found to be first order in both [ PdIDA] 
and l”"*. The values of the rate constants are given in Table V.2 
and are also plotted as log k^^^^ versus log [l ] in Fig. V.4. 
The experimental rate expression is formulated as 

Rate = d[PcaiDA.L]"”/at = kj^[MIDA][L" ] 

= ... (4) 

where = k^[L"']. 
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Fig.V.1 Species distribution of PdIDA as a 

function of pH.[Pd2*] = [lDA] =1.0 x 10 ^M. 
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PAnLE V.2. Evaluation of pseudo-first-order rate constants and 
second order rate constants for the first stage of 
reaction s. 


[edta],m 

10^ 

^ j/S ^ 

obsd 

10 k^=lCob3y[EDTA], 




m“^s“^ 

(A) [PdIDA] = 
temp* =! 25 

(1.7-3 .7) X 
+ 0,1°C. 

10“\, PH = 

8.5 + 0.02, I = 0.1M(NaClO^ 

2.0 X 


5.6 

2.8 

1.0 X lo”^ 


2.9 

2.9 

9.0 X 


2.6 

2.9 

7.5 X 10“^ 


2.3 

3.0 

5.0 X 10“^ 


1.7 

3.4 

3.5 X XO”^ 


1,1 

3.1 

2.5 X lO”^ 


0.6 

2.4 


Av. = (2.9 + 0.3)xl0^ M 


[ttha],m 

10^ X 

10 k^=k^j,^/[TTHA]. 



CO 

1 


(B) [MIDA] « (0.42-3.4) X pH = 8.0 + 6.02, I = O.IM 


(NaClO^), temp. *30+ 0,1°G, 


l.O 

X 

10*“^ 

7.4 

7.4 

9.0 

3€ 

10 “^ 

6.6 

7.3 

7.5 

K 

10 ""^ 

5.6 

7.5 

5.0 

X 

10 

3.7 

7 .4 

2.5 

X 

10 “^ 

1.9 

7 .6 

1.6 

X 

10 “^ 

1.2 

7.5 

1.0 

X 

10 “^ 

0.73 

: 7>3 






Fig.V.4 Ligand dependence of the observed 
psevJdo first-order rate constants 
for the reaction of [PdlD^ with 
EDTA (•) and TTHA(o).The reaction 
conditions are given in table V . 2 . 
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V.3.3 El feet of pH on the formation of [PdlDA.L]^" 

l-orntation ot the ternary complexes were studied at various 
hydroQon ion concentrations and it was observed that the rate 
increases with increase of hydrogen ion concentration <> The 
reaction between [PdIDA] and EDTA was studied in the pH range 
7.25“9«5« The reaction was found to decrease upto pH 8,75 and 
then level off (Pig, V.5, Table V,3) , This can be explained on 
the basis of reactivities of the different protonated and unproto— 
nated forms of [PdlDA] and EDTA, The resolution of rate constants 
has been carried out by a procedure described hereafter. The rate 
expression for the whole pH range is given by 

Rate « [PdiDA] ,[l] ,,, (5) 

i-T T T 

where subscript T denotes the total concentration of reactants 

PdiDA 

[ PdiDA] and EDTA in all the forms and 3c^ represents the 

T 

observed rate constant of the fast step and is same as of 
equation (16) (vide supra). 

Algebraic manipulation yields a suitable expression given by 
equation (6) for PdIDA-EDTA reaction. 



169 




170 


TABLE V.3. Effect Of PH on the fom,atlcn of mixed ligand 
complex [PdlDA.L]"-. [pdlDA] = 1.7 io-5„, 

[l _) = 7,5 X 10 I = 0.1M(NaC10_^) . 


pH 


^obsd' ® ^ 

ki, ] 


(A) [rdIDAj 

+ EDTA 

reaction ; temp. 

= 25 + 0.1°C. 


7.25 


8.5 X 10~^ 

1 .13 

X 10^ 

7.5 


6.6 X lo”^ 

8.8 

X 10^ 

8.0 


4.04x 10~^ 

5.4 

X 10^ 

8.25 


3.57X 10“^ 

4.76 

X 10^ 

Q 

0 * 


2.25x 10"^ 

3.0 

X 10^ 

8,75 


1.32x 10“^ 

1.76 

X 10^ 

9.0 


1.33X 10~^ 

1.77 

X 10^ 

9.5 


1.23X 10”^ 

1.64 

X 10^ 

(B) [PdIDA] 

+ TTHA 

reaction; temp, = 

30 + 0.1°C. 


6.5 


2.82 

3.76 

2 

X 10"^ 

6.75 


2.13 

2.84 

2 

X 10^ 

7.0 


1.84 

2.46 

2 

X 10 

7,25 


1.52 

2.03 

2 " 

X 10 

7.5 


1.06 

1.41 

2 

X 10 

7.75 


0.82 

1.09 

2 

X 10 

8.0 


0,56 

7.47 

X 10^ 

8*5 


0.57 

7.65 

X 10^ 

9.0 


0.56 

7.47 

X 10^ 
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rdiDA^ [PdiijA; [l] 


[PoIDA; 


T ‘---'T 

[iF] 


,I‘dIDA 




PdHIDA 




r+l 2 . 


... ( 6 ) 


where 


and 


[ Pd Ida], 
[PdIDA] 

[L]^ 

[L^“] “ 


^ ^dHIDA^^ ^ 


1 + 1 + + 


K 


PdHIDA 


is the protonation constant of PdIDA and 




and 


Kj_^ ^ are the first and second protonation constants of EDTA 
respectively (Table V.l) . In the pH range 7. 25-8 .25, the rate 
terms involving PdIDA as reactant can be neglected (Fig. V.l) 
and equation (6) transforms to equation (7) 

PdIDA [PdIDA] [l] 1 _ 

S’ [ PdIDA] [L^ ] [h^]^ PdHIDA HD 


PdHIDA • ^ •** 


jPdHIDA 


By plotting left hand side of equation (7) versus [h'*’] 

(Pig. V.6) one gets a straight line with an intercept and a slope 
from which one can calculated ^ respectively 

(Table V.4) # 
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M « io» 


Fig.V.6 


Resolution of rate constants 
PdIDA PdHIDA .PdHIDA 
‘^HL ’ ^HL ^ H2L 


for 


the reaction of [PdlD/^ with EDTA 


(Temp.= 25°C and I=0.1M) 
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In the pH range 8.25—9,5, the term containing [H 2 I'] can be 
neglected and equation (6) after transposition transforms to 
equation (8), . 



One may set left hand side of equation (8) as 'A* and by 
plotting 'A' versus [h"^] (Fig. V,6) one again gets a straight line 
passing through origin. From the slope one can calculate 
(Table V.4) . 

It is not possible to calculate the fourth rate constant 
, because the species [H 2 b^ ] exists only upto pH 8 (Fig.V.5 
and PdIDA exists above pH 8,5 (Fig. V.l) , The concentration of 
anyone in presence of the other is negligbly small and the rate 
involving these species is, therefore, slow enough to be negligib]} 

Similar lyi for the reaction of TTHA with [PdIDA], the rate J 
decreases with increase of pH (Table V,3) upto pH8.0, and then 
remains constant at higher pH (Fig, V,5) . This can be explained j 
by resolution of rate constants as in the case of PdIDA and EDTA 
reaction. In the whole pH range the following rate expression is; 
proposed, | 


, PdIDA 
^ 2 ^ 


.PdIDA 
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Rate = 


PdlDA^ [PdlDA]^ [l], 


[PdIDA] 


[L^-] 


... (9) 




. 4-1 2 




■*■ ^2^ * ^PdHIDA * ^2^ * ^ 


.+ l3 


+ 3Cj^ T . . K^ , . ^ r • KpjL • [h ] 

3 3 


.+ i4 


... ( 10 ) 


Using the protonation constants of TTHA (Table V.l) and 
[PdIDA]/ in different pH ranges, the following three equations i 
(11, 12 and 13) can be obtained by an algebraic manipulation similai 
to the one for EDTA reaction outlined above. In the pH range 
7 .5-8 .5, 


^ PdlDA^ [PdlDA]^ [l]^ 1 

\ ■ [PdIDA] ■ 


, PdIDA 

^ 2 ^ 


K IC + vP'^IDA 


K, 


PdHIDA • ^2^*^^*^^ ^ 


= B 


( 11 ) 


and in pH range 6.5-7 .0, 
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[PdlDA]^ [l]^ 1 

S’ [PdlDA] * [l^“] ” [h'*']- 


• SdHIDA • • Sl 


S L * SdHIDA • Si L • Si^L • SiL^^ ] - C 

o 3 -c 


... ( 12 ) 


and lastly above pH 8.5/ 


PdlDA^ [PdlDA]^ [l]^ 


" "T " _1__ _ 3 PdHIDA r H 

[PdIDA] * ‘ [h-^]^ ^2^ * ' Si2L-SiLLH 


^PdHIDA 

/HLi 


SdHIDA 


, PdIDA 

Si2L • Si2L * SiL 

, PdIDA ^ 

• SlL ^ SiL • S[L*j-^+^ 


.. (13) 


where 'B', 'C' , 'D', represent the left hand sides of equations 

(11), (12) and (13) respectively. The various rate constants can 

be resolved using the above three equations. For example, by 
plotting 'B' of equation (11) versus [h*^] (Fig. V.7) one gets I 
j^dlDA j^dHIDA . plotting 'C of equation (12) versus [h'*'] 

(Fig. V.8) one gets and from the plot of 'D' 

versus i/[h'‘'] (Fig. V.8) one gets and 

The various resolved rate constants one listed in Table V.4, 
In the case of TTHA too it is not possible to resolve the rate 
constant between the species [PdIDA] and [h^Ij ] (Fig. V.l and V.; 
due to reasons advanced in the case of EDTA reaction. 



B X 10 



Fig V.7 Resolution of rate constants for 
the reaction of PdIDA and TTHA- 
Reaction conditions as in Fig.V.6 • 
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V.3.4 Effect of ionic strength on the foirmation of [PdlDA.L]^ 

The rate of formation of mixed— ligand— intermediates was 
studied over a range of ionic strength. The rate of reaction 
was found to be independent of ionic strength of the medium. 

This provides additional support for the formation of the intear- 
mediate proposed. The ionic strength was maintained by adding 
calculated amounts of sodium perchlorate before mixing the 
reactants. '' The other conditions were kept constant during these 
measuremwnts . The rate constants at different ionic strengths 
are given in Table V.S. 

The effect of ionic strength on the formation of [PdIDA. 
TTHAJ has not been carried out because of nonavailability of 
sufficient quantity of TTIiA. It is to be expected that similar 
results will be obtained in this case also as in the case of 
formation of [PdlDA.EDTA]^". 

V.3.5 Kinetics of decomposition of [PdlDA.L]^ 

The slow decomposition reaction of [PdlDA.L]^ complexes was 

n— ' 

studied in presence of different concentrations of L and xt was 
observed that the reaction rates were not influenced by addition 
of EDTA*^" or TTHA^"”. The rate is first order in [PdlDA.L]^ in 
accordance with rate equation (14) . 


rate = d[PdL]^ ^/dt = k^L PdIDA. l]^' 


.. (14) 
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TABLE V.5o Effect of ionic strength on the formation of 

[PdIDA-EDTA from the reaction of [PdIDA] 

4- o 

and EDTA at temp. = 25 + 0.1 C, pH = 8.5 + 

0.02, [PdIDA] = 2.1 X 10”'^M, [eDTA] = 7.5 x 

10“^M. 


M(NaClO^) 

k , ,,s ^ 

obsd 

xlO^ 

k^, 

X 10^ 

0.06 

2.23 

2.97 

0.08 

2.25 

3.00 

0.1 

2.25 

3 .00 

0.12 

2.22 

2.95 
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The rate constants were calculated from the plot of log 
versus t where Cg is the concentration of [PdlDA.L]^" at any time 
t and calculated by an expression given in equation (15) . 

“ ^^t ^ ^ ^ ••• (15) 

where is the molar extinction coefficient of [PdL]^~^, is 

the total absorbance at time t at 325 nm and C° is the initial 

B 

concentration of [PdlDA.L]'^ . The rate constants along with 
reaction conditions are given in Table V.6. 

V,3.6 Dependence of decomposition rate of [PdIDA.L]” on pH 

The rates of both reactions are highly pH dependent. The 

4- 

decomposition reaction of [PdIDA.EDTA] was studied in the pH range 
4.75—9,0 (Pig. V.9) whereas that of [PdlDA.TTHA^ was studied in 
the pH range 5. 5-8. 9 (Fig. V.IO) . It was observed that the rate 
increases with decrease of pH below 8 (Table V.7) . This increase 
may be due to higher dissociation rate of the protonated form of 
[pdlDA.b]’^"" compared to that of unprotonated one. This behaviour 
has been observed for dissociation reactions of many other 
metal complexes. Attempts at resolving the rate constants of the 
decomposition of [PdlDA.b]’^" were not successful because of lack 
of information on the protonation constants of these mixed ligand 
complexes. The plots of log versus pH are given in Fig. V. II 


and 12 
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10^ X [PdlDA], M 

lo'^ X [ttha], m 

10^ X k 2 » s ^ 

(B) temp, = 30 + 

0.1°C, pH = 8.0 +0.02 

and I = O.lM(NaClO^) . 

1.2 

0.88 

8.05 

1.0 

1.0 

9.36 

1.0 

2.5 

10.20 

1.2 

5.0 

9.42 

1.0 

8.0 

9.76 

1.0 

10.0 

9.97 

1.0 

25.0 

9.95 

1.0 

50.0 

9.82 


Av. 

= (9.83 + 0.24) xio”^ s”^ 



• • 






X to 
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Fig -V. 10 Effect of pH on the decomposition 
of [PdlDA. TTHAI^' 



185 


TABLE V ,7 . Effect of pH on the decomposition rate of 
[PdlDA.L]”^" 


pH 


k 2 / s 


-1 


(A) [PdIDA] = 2.88 x 10 [eDTA] = 8.0 x 10 

I = 0.2M(NaCl0^) , and temp. = 30 + 0.1°C. 


4.75 

5.35 

5.85 

6.4 
7.2 
8.0 

8.5 
9.0 


8.6 X 10 
6.4 X lO' 

3.7 X lo' 

3.1 X 10 


-4 


2.2 X 10 

1.2 X 10 


-4 

-4 


-4 


1.1 X 10 
7.0. X lo' 


-4 


(B) [PdIDA] = [tTHA] = 1.0 X 10 I = O.lM(NaClO^) 

and temp. = 30 + 0.1°C. 


5.5 

6.1 

6.7 

8.0 


1.55x 10 


1.17X 10 


-4 


1.03X .10 


-4 


9.36x 10 


-5 


7.53X 10 


9.05 
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Fig.V.n Plot of log k 2 versus pH for the 
decomposition of [PdlDA • EDTA] . 
Reaction conditions as in Fig- V. 10. 




log k 
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Fig.V.12 Plot of log k 2 versus pH for the 
decomposition of [PdlDA-TTH^V 
Reaction conditions as in Fig-V.TO. 



TABLE V.8. Activation parameters 


Formation of mixed ligand 
complex rPdIDA«Ll^ 

(a) [PdIDA] + EDTA reaction 


E 


24.0 + 0.3 

kJ mol ^ 

a 

AH°^ 

=: 

21.5 + 0.3 

kJ mol ^ 

AS°^ 

=3* 

-137.1 + 1 

.1 Jlc“^mol'”^ 

Pz 

=s 

4.7 X 10^ 

cm ^ 

[ Pd I da] 

+ TTHA reaction 

E 


48.3 + 0.1 

kJ mol ^ 

a 

= 

45.8 + 0.1 

kJ mol ^ 

AS°^ 

r; 

-57.1+ 0.4 

JK~^mol~^ 

^2 

r= 

6.6 X 10^ 

cm ^ 
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Formation of [pdL] ^ 


E = 32.9 4- 0.3 kJ mol 

= 30.4 + 0.3 kJ mol“^ 

= -171.3 + 1.1 JK“^moi 

p = 7.3 X 10^ cm"^ 
z 

E = 55.5 + 0.6 kJ raol"^ 
a — 

. - 53.2 + 0.6 kJ mol”^ 

= -73.5+ 1.9 JK”^mol“^ 
9 

p = 1.2 X 10 cm 


1 
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V.3.7 Effect of temperature 

Both the reaction systemsviz. PdIDA-EDTA and PdIDA-TTHA 
were studied over a temperature range of 25— 45°C. Activation 
parameters for the fast and slow steps have been calculated from 
Arrhenius plots and are given in Table V,8, 

V.4 Discussion 

The reactions of [PdIDA] with EDTa"^ and TTHA^ are thermo- 
dynamically favoured. On the basis of experimental observations 
it is proposed that both reactions proceed through the rapid 
formation of intermediates in which both the incoming and outgoing : 
ligands are bonded simultaneously to the metal centre (equation 16} 
The stoichiometry for these ternary intermediates was established 
to be i:i:i by the mole ratio method. These dissociate to give 
[PdL] with the release of IDA according to equation (11). 

_ k, 

[PdIDA] + [PdIDA.L] fast ... (16) ; 

[PdlDA.L]*^" [PdL]^""^ + IDA^" slow ... (17) ! 

{ 

f 

Pd (II) forms square planar complexes with most ligands. 
Substitution of square planar complexes of Pd(Il) proceeds by an 
associative pathway implicating five coordinated intermediates. , 
Again^ these intermediate species decompose to- finally give squarej 
planar Pd(Il) complexes. Pearson has proposed a mechanism for 
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subs ti til t ion of on© cSitliiol©t© liganci (S““S) in s complox of 

nickel (II), [Ni (8-5)2]/ ^ different dithiolate ligand, (S'-S')”", 

which involves the bimolecular formation of a five coordinated 
intermediate. Similar intermediates have been proposed and 
identified in other studies of substitution reactions of 
nickeldl)^^'^”^, palladium(Il)^® and platin\im(Il) complexes. 

The values of aS^ for the first stage of the reaction is 
less negative compared to the second stage of the reaction (Table 
V. 8 ). Iminodiacetate is a tridentate ligand. During formation 
of mixed ligand complex, [PdlDA.L]^ some binding sites of IDA 
and remain uncomplexed causing some increase of disorder and 

consequent increase in entropy. During the second stage, however, the 
partly chelated ligand viz. IDA starts dissociating to give, 
perhaps, a more orderely and highly solvated activated complex 
accounting for the large decrease in entropy in the second stage 
of reaction. The enthalpy of activation for the first stage is j 
low as is expected in an associative additive process and higher 
for the second stage consistent with a bond breaking event. It 
is not too high, ofcourse, because along with dissociation of 
IDA some new bonds are also formed with EDTA or TTHA. The effect 

' ' ' 'S 

of ionic strength on the rate of first stage was negligible as | 
expected. In the second stage, dissociation of the mixed comple- 
xes is involved and the effect of ionic strength on this rate is 
again expected to be negligible. 


!' 

i 
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Evidence for these reactions is provided by repetitive 

scans of the reaction mixtures at suitable intervals. The 

repetitive scans for PdIDA-EDTA and PdIDA-TTHA systems are given 

in Pig. V,13 and 14. Immediately on mixing the reactants a band 

appears at 325 nm due to formation of mixed complexes [PdlDA.L]*^ , 

which decreases continuously for about thirty minutes. In the 

later part of the reactions the 325 nm band shifts to 337 nm 

2 — 

which is accounted for due to the formation of [PdEDTA] or 

[PdTTHA]^ . Some similar reactions of palladium have been 

28 

studied by Fayyaz and Grant. There is also a corresponding 
appearance and increase in the 240 nm peak height due to the 
gradual release of iminodiacetic acid during the course of react— 
ion indicating the conversion of [PdIDA.L] to [PdL] 

It may be interesting to speculate on the possible pathways 

of these substitution reactions. The structure of [PdIDA] has 

not been reported so far according to our information. In keeping 

with known square planar geometry of most Pd (II) complexes, the 

fourth equatorial site will be occupied by water molecule as shown 

in structure I of Pig* V.15. The structure of [PdEDTA] has 

30 

been proposed by Gonzalez—Vilchez eb al* on the basis of nmr 
studied. A plausible pathway for transformation of [PdIDA] to 
[PdEDTA]^” is depicted in Fig. V.15. This, however is not to the 
exclusion of other alternatives. The transformation to form 
[PdTTHA]^" may also follow similar path. 



ABSORBANCE 



200 300 400 500 

WAVELENGTH (nm) 

Fig. V. 13 Spectral scan of the reaction between 

CPcJIDAH and EDTA.[PdlDAl = 2.88x1(J®M, 
[EDTAl=5.0 X ,pH = 5.0±0.02 ,A=[PdlD;g 


ABSORBANCE 



WAVELENGTH (nm) 

Fig. V. 14 Repetitive scan of the reaction between 
[PdlD^ and TTHA.CPdlDA]=[TTHA]=1.0xl5' 

pH = 8.0 t 0.02 , A = [PdIDA] . 
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To summarize, the reactions between [PdIDA] and EDTA^ or 
TTHA take place in two stages (equations 16 and 17) through 
the rapid formation of mixed ligand complex intermediates 
[PdlDA.L]*^ in the first stage followed by a slow dissociation 
of this mixed complex to give [Pdb]^ ^ and IDA finally. 
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CHAPTER - VI 


A. KINETICS AND MECHAInTISM OF CATALYTIC DECOMPOSITION 

OP HYDROGEN PEROXIDE IN PRESENCE OF [PeTrien] 
complex: (TRIEN = TRIETHYLENETETRAMINE) AND TRACE 

determination op iron (III) BY A KINETIC METHOD 

B. KINETICS AND MECHANISM OF OXIDATION OP DIETHYLENE- 
TRIAMINEPENTAACETIC ACID BY HEXACYANOPERRATE ( III) , 


ABSTRACT 


The kinetics of decomposition of hydrogen peroxide in 
presence of triethylenetetramine complex of iron (III) has been 
investigated at pH = 10.0 + 0.1, temp. = 25 + O.l^C, [ (Trien)- 
Fe(0H)2J = 3.15—6.3 x 10 M over a wide range of hydrogen 
peroxide concentration. The reaction follows a Michaelis- 
Menten type mechanism in which the complex displays a 
’’catalase-like'' activity. The constant K_ has been deter- 
mined from Linewe aver— Burk plots. The mechanism of catalytic 
activity has been discussed. This reaction has been further 
used for an analytical application described in the following 
paragraph. 
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A sensitive kinetic method is developed for the trace 

determination of Fe(IIl) based on the above described reaction. 

In presence of moderately high concentration of hydrogen peroxide; 

the initial rate is linearly related to the catalyst concentratioE 

A ''fixed-time procedure'' is used to obtain a linear calibration ■ 

curve between the initial rate and the catalyst concentration in 

— 0 — .0 

the range (1.0 x 10 — 4.9 x 10 m) for ferric ions. The i 

— 0 

detection limit is 1 x 10 M and maximum percentage error is 

12.5%in the lower concentration limit. The method is sensitive/! 

accurate, inexpensive and rapid. The interferences from a large : 

2+ 

number of cations with the exception of Mn are negligible. ; 

VI .A. 2 INTRODUCTION 

The decomposition of hydrogen peroxide in aqueous solution 
is known to be catalysed by many transition metal ions including; 
Fe^"^. In recent years, there have been reports that many complex 

of transition metals are more effective catalysts than the correS 

■ 1 ' ' 

ponding aquo metal ions . The discovery by Wang that the trien ; 
complex of Pe(lll) possesses a ''catalase" like activity, I 

through of a lesser order (catalase has four active sites whiles 
this complex has two) for the decomposition of hydrogen peroxide 
prompted us to investigate the reaction and test the analytical 
possibilities of this reaction for trace determination of Fe( III 
Wang^ had also proposed a mechanism for the catalytic action and 
tested it in many ways. He pointed out that the trien complex 
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was a much more effective catalyst compared to the complexes of 
en, dien, tetren or aquo complexes. He advanced arguments to 
explain these observations. Later Wada and coworkers^ observed 
that atrelatively low concentration of ^ 20 ^ the ligands en, dien 
and H 2 O provided greater reactivity compared to trien. Their 
experiments, however, were conducted at pH 3 while Wang^ had 
carried out his investigation in pH range 6-10. 

One ^observation of considerable analytical interest to 
us was that, barring Mn(Il), the presence of many cations does 
not affect the rates of decomposition reaction materially. In 
this chapter we report the results of our investigations on the 
trace determination of Fe(IIl) at the ppm level in the presence 
of a large number of cations. The proposed method is rapid, 
sensitive, specific and inexpensive. 

VI .A. 3 MATERIALS AND METHODS 
VI. A. 3.1 Reagents 

Hydrogen peroxide 3d’% (AR, BDH) was purified by distillationi 
at 60 nm Hg pressure after removing any Pe(lll) and other cations 

■ I 

by percolation through a column of acid- re gene rated Dowex 50X-S 
(50-100 mesh) . The concentration of H 2 O 2 in the distillate was 

" '■ ' ' i' 

determined by titration against standard potassium permanganate. j 
Stock solutions of ferric perchlorate and trien were prepared in 
triply distilled water. The trien complex of ferric ions was 
prepared by mixing ferric perchlorate with trien taken in a 



thousand“f old excess. Sodium hydroxide (AR, BDH) or perchloric 

acid 70 '/{AR, BDH) were used for maintaining pH at any desired 

value. Bufferswere not used for fear of complicating the reaction 

system. The effect of ionic strength was negligible as tested by 

1 

earlier workers as well as by us. All glass ware were steamed 
before use. Scrupulous cleaning is very necessary for obtaining 
consistent results . 

VI. A. 3. 2 Procedure 

The reactant solutions were brought to the desired temperar- 
ture by immersion in a thermostatic bath maintained at 25 + 0.1°C 
for about 30 minutes. The reaction was regarded as starting when 
a solution of [ (trien) Fe (OH) 2 ]'^ was quickly poured into a reaction 
vessel containing a solution of hydrogen peroxide also kept in 
the thermostatic bath. Aliquots of the reaction mixture were 
drawn at short intervals and dropped into excess standard ceric 
sulphate solution. The amount of ceric sulphate present and thus 
the hydrogen peroxide remaining at any time were determined by 
titration with standard ferrous ammonium sulphate using o-phenan“ 
throline as an indicator. 

In order to correct for traces of Fe(III) that may be 
present in the reagent(s) or in glass ware as an impurity/ a blank 
determination was performed for each kinetic irun with trien and 
H 2 O 2 but without Fe(IIl). The initial rates corresponding to 
each FeClIl) concentration were determined by the plane mirror 
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3 

method. For drawing calibration curves, the concentration changes 
of H 2 O 2 for a fixed— time interval were plotted against concentrat- 
ion of the [ ( trien) Fe (oh) 2 .]"^ complex. This is often referred to 
as the ''fixed-time procedure*' for determining initial rate. 

VI .A. 4 RESULTS 

VI. A. 4.1 Effect of hydrogen peroxide and [ (trien) Fe (OH) 2 ]"*" 
concentrations 

Plots showing the effect of initial 

rate of the decomposition reaction in presence of three different 

•“1 " 4 " 

concentrations of [ (trien) Fe (OH) 2J complex give Michael is-Menten 

type saturation curves (Fig, VI. A. 1) . The values of initial rates 

(or turnover nuntoers) are higher than those reported by Wang^ and 

are given in Table VI.A.l. If any inhibitor were present in the j 

system the initial rates (or turnover numbers) are bound to be 

lower. As mentioned in the experimental section, our samples of ;■ 

1 • 

H«0^ had been scruplously purified while Wang has made no mention 

about purifying their sample of hydrogen peroxide. At specified 

conditions, the initial rate is linearly related to [ (trien) Pe(OH) 2 ] 

concentration in the lower concentration range, attains a maximum 

value and then decreases (Fig. VI.A.2). This decrease can be 

explained if it is assumed that the given complex dimerises giving, ; 

perhaps, [Fetrien'^ "^trienFe] which is a noncatalytic species, j 

'^ 0 '^ 

The change in catalytic character can be understood if the mechanisrr 
proposed by Wang^ is assumed to hold good (vide supra) . An evidence 
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TABLE VI.A.l. Effect of hydrogen peroxide concentration on the 

initial rate of decomposition of “ 

10.0 + 0.02 and temp. = 25 + 0.1°C. 


10^ X [H 2 O 2 ], M 


2 -1 
10 X Initial rate, M min 


A. [ (trien)Fe(0H)2] = 3.15 x 10 

1 .5 

2.5 

2.6 

' 3.0 

3.3 

4.0 

4.7 

5.0 

6.8 

9.0 

B. [ (trien)Fe (OH)^] = 4.7 x 10 

1.4 
2.7 

2.9 

3.3 
3 .5 

3.9 

6.3 

8.0 


0.7 

1.2 

1.25 

1.5 

1.5 
1.65 
1.85 
1.9 

2.5 
3.0 


1.2 

1.95 

2.2 

2.45 

2.5 
2.75 

4.05 
4.3 


contd 



205 


TABLE VI.A.lCcont-d.) 


10^ X [H 2 O 2 ], M 


2 -1 
10 X Initial rate, M min 


C. [ (trien)Fe(0H)2] 

1.5 

2.5 
^ 2.7 

3.3 

3.5 
5.2 

7.4 


6.3 X 10 

1.75 

2.5 
2.7 
3.2 

3.5 

4.6 
5.9 
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.UlUJ H 01^ IDI^IUI 

I- • X 


Rtrien )Fe(0H)2 x 10’ M 

Fig-Vl.A.2 Hydrogen peroxide decomposition rate as a function 
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for dimerization can be provided by considering the spectral 

changes of [ ( trien) Pe (OH) ^ j**" at different concentrations (Fig. 

VI. A. 3 ). Of the two peaks at 310 and 330 nm observed in the 

spectra of the [ (trien) Fe (OH) 2] complex/ the height of the first 

relative to the second enhances as the concentration of the 

complex changes from 9.7 x 10~^ to 7.5 x 10~"^M. If the first peak 

is assigned to the dimer and the second to the monomer/ the ratio 

(A310/A230) is measure of the equilibrium constant for the 
K 

(2 Monomer dimer) transformation. The ratio can be checked 



to be reasonably constant (12.7 + 1.6) in this concentration range 
confirming the existence of monomer-dimer equilibrium. 

It is also interesting to note that the expected Beer's 

law relationship between the complex concentration and absorbance 

at 330 nm (Fig. VI .A. 4) begins to deviate from linearty above 

the concentration level where the catalytic activity also starts 

decreasing (Pig. VI.A.2) . Thus our postulate about loss of 

catalytic power of [ (trien) Fe (OH) 2]"*" at higher concentration is 

reasonable. Similar dimerization is known also for some other 

complexes of Fe(IIl)/ the most well known examples being formation 

_4 

of [Pe 2 (CN)^Q]'^” from [Pe (CN) ^H20]^ and ^ 02 ^ 20 ] from [FeL(OH)] 

5 

where L = EDTA/ HEDTA and CYDTA. 

VI. A. 4. 2 Effect of pH 

The effect of pH on the rate of decomposition of H 2 O 2 is 
shown in Fig. VI .A. 5. The rate increases linearly and then ''levels 
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WAVELENGTH (nm) 


Fig.VI.A.3 Spectral changes with change m 
concentration of [Itrien) FefOH)^ 




Abs 



Fig -VI. A . 4 Absorbance of [Ttrien) Fe(OH)^^ at 

330 nm as a function of concentration 
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off *, This is not unexpected and is due to a progressive increase 
in the relative concentration of the reactive species viz» 

[ ( trien) Fe ( oh) 2 1 complex as pH changes from seven to ten. Above 
pH 10 the formation of [ (trien) Fe (OH) 2 ]'*' is complete and hence 
the rate attains a limiting value. 

VI, A. 5 DISCUSSION 

Havipg investigated the conditions in which the decomposi- 
tion rate of H 2 O 2 would be most sensitive to [ (trien) Pe (OH) 2 ] and 
relatively insensitive to other factors such as pH and concentrat- 
ion of H 2 O 2 / we rechecked the initial linear portion of the curve 
of Fig. VI. A. 2 for obtaining a calibration curve between [(trien)- 

, 4- , 

Fe( 0 H) 2 J and concentration changes of H 2 O 2 for ' ' f ixed-time ' ' 
intervals of 2 and 5 minutes. Good linear plots were obtained 
for both time intervals (Fig. VI.A.6) . The percentage errors for 
the two curves are given in Table VI .A, 2 .Considering the low 
level of concentration of Fe(IIl) that can be determined and the 
high specificity and sensitivity, this method can be considered 
to be very good. 

The catalytic activities of iron(IIl) complexes of some 
other negatively charged ligands viz. NTA, EDDA and EDTA have been 
investigated before.^ Though these ligands produce chelates of 
somewhat similar strgcturej they possess negligible catalytic 
activity compared to the trien complex. This lack of reactivity 
is attributed to an increase in ionic character of the Fe-0 bond 




Fig .VI. A -6 Calibration curves between [(trien)Fe (0H)2j 


and initial rate. 
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TABLE VI .A. 2. Concentration change of H 2 O 2 at fixed time 

(aC^) as a function of Iron (III) concentration 
[h„ 0^] = 0.35 M, pH = 10.0 + 0.02, temp. = 25°C -I- 
O.ioc. 


T n- 

[Fe^'^]xlo'^,M ; aC2x10^,M \ 

I - » 

error 

“T 

1 AC^xl0^,M 

1 

1 

t 

; error 

1 

I 

O.l 0.4 

12.2 

0.5 

10.0 

2.0 ' 2.25 

8.2 

3 .4 

12.5 

3.15 1.90 

6.1 

4.0 

9.5 

4.7 4.0 

5.1 

7.0 

4.4 

6.3 5.2 

1.9 

9.0 

3.3 

8.0 6.5 

0.8 

11.0 

6.2 

9.2 7.45 

1.35 

14.0 

2.9 

12.0 


17.0 

2.9 


and ACj. indicate the concentration changes within 2 and 5 
minutes respectively. 

N.B . Though higher concentration of hydrogen peroxide (limiting 
value) will be ideal, it would become an expensive method 
in that case. Since good linear curves are obtained at 
[H 2 O 2 ] = 0.35 M, we have chosen to stick to this concen- 
tration which gives a reasonable change in concentration 
in specified conditions. 
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in these chelates. A recent investigations by Oakes and 
coworkers#^ and Rizkalla et al."^ demonstrated, however, that 
the chelates [Pe (EDTA) ( 0 H) 2 ]^'~ and [Pe (ENTMP) (OH) ]®“ respecti- 
vely (EDTA = Ethylenediaminetetraacetic acid,* ENTMP = Ethylene- 
diaminetetrakis (methylphosphonic) acid) are also good catalysts 
for the decomposition of hydrogen peroxide. 

Wang also tested the catalytic activity of quite a few 
cations ixj presence of trien and came to the conclusion that only I 
[ (trien) Pe(OH) 2]"^ and to a much lesser extent [ (trien) Mn (OH) 
show remarkable catalytic activity. According to him chelates of ^ 
many other cations, however, showed negligible catalytic activity’ : 
compared to chelates of Pe(IIl) and Mn(ll) . These include Mg(Il), 
AI(III), Ca(ll), Gr(IIl), Co(lll), Ni (II) , Cu (II) , Zn (II) , Sr (II) , ; 
Ag(l), Cd(II), Ba(ll), Tl(l) and Pb(ll) . The high degree of 
specificity for Fe(IIl) and Mn(II) is not easy to explain because 
many ions listed above possess same charges and comparable ionic 

' ^ 

radii. The comparative catalytic activities of both [(trien)— 
Pe(OH)o]'^ and [ (trien) Mn( OH) is, perhaps, understandable because 

they are isoelectronic. i 

'■ i 

The mechanism of catalytic activity of [ (trien) Fe (OH) 2 J 

for the decomposition of H2O2 in basic medium, as proposed by 

Wang^, is given in Fig. VI .A. 7 . Trien forms a quajiridentate 

chelate with ferric ion. Steric considerations favour structure I 

where one primary nitrogen atom is above and the other below the 

' 2 3 i 

sq^Jiare plane and two hydroxyl groups occupy two adjacent d sp I 
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/CH2 

^NHzzzkzzOH 




AHa 

*U \ 7 . 


S^^2NH2 


'^CHa 


(fast) 



Fig.VI.A .7 Mechanism of catalytic action of 
^rien)Fe(0H)2^ for the decomposition 
of hydrogen peroxide* 
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coordination sites. In presence of hydrogen peroxide both the 

hydroxyl substituents can be displaced by OOH ion/ the latter 

being capable of formation of two coordinate links with Fe(IIl) 

through 0 atoms. The resulting chelate (II) is unstable because 

the original bond length of 1.3A° in peroxide ion tends to stretch: 

until the second activated complex (III) is formed. The activation 

energy of about 71.4 kJ mol ^ for cleavage of 0—0 bond in hydrogen 

peroxide is considerably lowered to 29,4 kJ mol~^ in presence of 

L (trien) Fe ( oh) 2 J complex because of compensation in energy 

provided by the simultaneous formation of a stable Pe— 0 bond as 

shown in compound (III), This compound can readily react with 

second OOH to yield oxygen and regenerate compound I. Thus the I 

1 

catalyst complex acts cyclically, Wang also provided supporting 
evidence for the mechanism proposed by him. 

The loss of catalytic activity on increase of concentration 
of r (trien) Fe (oh) in our study becomes understandable because 
dimerization/ possibly to give [trien Fe<^ ^Pe trien]/ takes 
away the two adjacent hydroxyl sites where the splitting mechanism 
is initiated. It has been shown that replacement of the quadri- 
dentate trien by pentadentate tetren/ gives a complex of practi- 
cally no catalytic activity. This is due to loss of one of the 
hydroxyl groups necessary for the operation of the splitting 
mechanism discussed above. The Lineweaver-Burk plots between 

(reciprocal of initial rate) and three different [ 

catalyst concentrations are given in Fig. VI.A.8 and their extra— 

I, 

polation to abscissa intercepts enables one to estimate the value 
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Fig.VI.A.8 Lincweavcr-burk plots for estimating 
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i 0.2M. This value is higher compared to that of 
catalase (K^ =: 0.025 m) and some other catalytic species^ and 
comparable to the value obtained by us from the data of Wang,^ 
is a rough measure of the affinity of the catalyst for the 
substrate^ in this case H^0-« A higher value of K would imply 
that the catalyst [ (trien) Fe (OH) requires a relatively high 
concentration of the substrate [H 2 O 2 ] to attain its half maximal 
rate of catalysis. 

/ I 

Finally, we have established a kinetic method for trace | 

—8 

determination of Fe(IIl) in the range (1.0 x 10 - 1.2 x 10 M) . | 

f 

The method is sensitive, specific, single and inexpensive. The 
presence of a large nximber of cations in about ten fold excess | 
causes a maximum error of 12.5% (Table VI.A.3) . Even Mn(Il) 

i' 

causes an interference comparable to other ions listed in this 

I 

table at this low concentration Ith^ough it may cause more serxous ; 

[ 

interference if present in higher concentration. The high catalytj 

activity of the [ ( trien) Fe (OH) 2 ]'^ complex in low concentration | 

' ■ ■! 
range and loss of activity at higher concentration is also explains 
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TABLE VI,A*3. Effect of interferences 

[H 2 O 2 ] = 0.35 M, [Fe^"^] = 6.3 x M, 

[trien] = 4.8 x 10~^ M, pH = 10.0 + 0.02, 
temp. = 25°C + 0.1°C. 


Ion 

1 

1 

I 

t 

1 

1 

[Fe=‘^] 

10^ 

taken 

M 

1 

1 

1 

1 

1 

1 

1 

[Fe^"**] found 
lo”^ M 

i 

1 

1 

1 

f 

1 

1 

Error 

Ni^"^ 


6,3 



5.75 


8.7 

Pb2+ 


6.3 



5.76 


8.6 

^ 2+ 
Cu 


6.3 



5.56 


11.8 

Hh 

Ag 


6.3 



5.83 


7.5 

M 2+ 

Mn 


6.3 



5.76 


8.6 

Co 


6 ,3 



5.76 


8.6 

Al^'*’ 


6.3 



6.20 


1.6 
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ABSTRACT 


The kinetics of oxidation of Diethylenetriaminepentaacetic 
acid (DTPA) by hexacyanoferrate (III) has been investigated spectro- 
photometrically at pH = 10.5, I = 0.25M(NaCl0^) and temp. = 35 + 

0»1 C* The rete data indicate first order dependence each in 
[pe(CN)gj^ and [dtpa]^ overall second order* The rate constant 
increases in the pH range 8*5 to 12* The reactive species of ■ 

DTPA in the above pH region are H 2 L^ , Hl"^ and . The effect 
of ionic strength is found to be positive. , The activation para- 
meters are evaluated from the Arrhenius plots. An electron trans- 
fer from [Pe(CN)g]^ to the sifbstrate followed by decomposition of 
the latter is proposed. 

VI .B. 2 INTRODUCTION 

Literature on solution kinetics is replete with reports 
on the kinetics and mechanism of oxidation of a number of organic 
and inorganic substrates by hexacyanoferrate (III) . A recent work 
from this laboratory^ on the ligand exchange reactions between 
polyaminocarboxylatof errate ( III) with cyanide ion showed that 
these reactions consist of three observable stages. The third 
stage involves the oxidation of aminocarboxylates released in the 
first stage by [Pe(CN)g]^’' formed in the second stage. It was, 
therefore, considered worthwhile to carry out an independent study 
of the third reaction (equation 1) . In this part of chapter the 
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kinetics of oxidation of diethylenetirianiinepejrtaacetic acid (DTPA) 
by hexacyanoferrate(IIl) have been reported. To the best of our 
knowledge the kinetics of this reaction has not been reported so 
far. 

[Fe(CN)g]^ + DTPA^ ^ [Fe(CN)g]^ + Oxidation products 

of DTPA. ... (1) : 

VI. B. 3 MAIERIALS AMD METHODS 

Potassium hexacyanoferrate (II) (AR# Sarabhai M Chemicals)/ 
potassium hexacyanoferrate (III) (AR/ SDS) , sodium cyanide (May and 
Baker, England) and diethylenetriaminepentaacetic acid (sigma) 
were used, sodium hydroxide or perchloric acid was used to main- 
tain pH at any desired value. Standard BDH buffers were Used for 

standardization of pH meter. Sodium cyanide solution was standard!- 

1 2 

zed argentometrically. Sodium perchlorate (AR, BDH) or potassium- 
nitrate (GR, Sarabhai M Chemicals) was used to maintain ionic i 

....... I 

I 

A Toshniwal spectrophotometer model RL— 02 fitted with a i 

I 

circulatory arrangement for thermos tating the cell compartment was i 
used for kinetic study. The temperature could be controlled to 
within + O.l'^C. A Shimadzu double beam spectrophotometer model 
UV— 190 and Cary 17D spectrophotometer were used for recording the 
spectral changes. All pH measurements were made on an Elico digi- 
tal pH meter model LI— 120. ; 
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VI. B. 3.1 Kinetic Measurements 

The reaction between DTPA and hexacyanoferrate (III) was 
followed at 410 nm (broad band of [Fe (CN) C = 1020 jT^cnT^) , 

pH = 10.5 + 0.02^ I = 0.25M(NaCl0^) and temp. = 35 + 0.1°C. The 
kinetics were studied under pseudo— first— order conditions using 
large excess of DTPA. Solutions of hexacyanoferrate (III) and 
DTPA were preequilibrated separately at the desired temperature 
for 30 min. before mixing. Ionic strength and pH were adjusted 
each time before equilibrating the reactants. 

The pseudo— first— order rate constants were calculated from 
plots of log versus time/ where refers to hexacyanoferrate (III 
remaining at any time t. The absorbance changes were obseirved for j 
at least 70 %of the reaction. 

VI .B. 4 RESULTS ! 

The kinetic data of this reaction are given in Table VI.B.l . 
and the dependence of pseudo-first-order rate constant on [dtpa] 

is shown in Fig. VI.B.l. ! 

■ ( 

. I 

I 

VI, B. 4.1 Dependence of Rate on pH | 

The reaction was studied in the pH range 8.5—12. The specie 

i 

distribution of DTPA at various pH values was calculated with an 

• . , ^ 13 

IBM 7044 computer using a programme developed by Perrin and sayce 
and is shown in Fig. VI .B .2. The predominant species of DTPA in tl 



TABLE Evaluation of pseudo-first-order rate constants 

and second order rate constants . 

[Fe(CN)g“] = 5 X pH = 10.5 + 0.02, 

temp. = 35 + 0.1°C, I = 0.25M(NaCl0^) . 


10^x[dtpa]^ 

M 

s 

M ■^s"! 

5.0 ' 

4.2 

8.4 

7.5 

6.7 

8.9 

10. 0 

7.9 

7.9 

12.5 

9.3 

7.4 

15.0 

10.6 

7.1 


Av.= (7.94 + 0.7) X 10 ^ M ^S ^ 


log 


3.2 


-3.3 


-3.4 


3.5klj ^ ^ ^ L-^ 

-2.4 -2.3 -2.2 -2.1 


Fig.Vl.B.1 


log [DTPA]^ 

Dependence of observed pseudo-first-order 
rate constants on [pTP/^ • R®action 
conditions as in Table VLB. 1 • 






Fig . VI. B. 2 Species distribution of DTPA as a function of pHj [dTPA] 
5.0xl()^M. 
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pii range of interest are H 2 L^~, Hl'^" and L^“ in varying proportions. 
It is observed that between pH 8.5 and 10.0 the reaction rate 
increases linearly with increase in pH and levels off at higher 
pH (Pig. VI .B. 3 and Table VI.B.2) . Below pH 8.5 the rate is 
e3Ctreir»ly slow. The data on pH dependence of rate fit equation 2. 

Rate = k^[Pe(CN)g“][L]^ ... (2) 

1^' .1^ 

In equation (2) the concentration term [l] includes all proto- 

X ■ t 

nated and unprotonated forms of DTPA. | 

The rate of oxidation of DTPA can also be given by the 
expression (3) . 


Rate = [Fe(CN)g ]{k^[L^ ] + k 2 [HL'^ ] + ^3 0^2^^ 

f 

= [pe(CN)^"]{k^[L5“] ^ k2K^[H+][L=‘'] + k3K^K2[H'^]2[L^]5- | 

= [Fe(CN)|'][L^"]{k3 + kjK^EH'^] + ... (3) | 

i 

5- 4- I 

where k 2 , k^ are the rate constants for the species L , HL j 

and H 2 L^" respectively and and K 2 are the respective protonatiorj 

,, f 

constants of DTPA. 


Comparing equations (2) and (3) we get/ 


[L]^ 

W] 


\ + Tc2^i[h'^] + k3K^K2[H'^]^ 

1 + K^Lh"^] + Kj_K2[h‘^]^ 




where 






12.0 
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: reaction of [Fe(CN)g]^~ 

[dTPa]^ = 10“^M, 

I = 0.25M(NaCl0^) . 


6.3 

X 

10-3 

2.0 

X 

lo"^ 

3.2 

X 

lo”^ 

7.4 

X 

10-^ 

7.8 

X 

10-^ 

1.0 

X 

10“^ 

1.1 

X 

lo”^ 
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At pH above 10# can be ignoredo So equation (4) is 

simplified to equation (5) 


kf (1 + K^[h-^]} = + k^K^H+j ... (5) 

In the higher pH region a plot of left hand side of equat- 
ion (5) versus [h"^] is linear (Fig. VI.B.4)# the slope of which 
gives the value of k 2 (i.e. reaction rate between [Fe(CN)gf and 
[hl]^ ) equal to 4.9 x 10 ^ M ^s The intercept of the linear 
plot gives k^ (i.e. the rate constant for reaction between L and 
[Pe(CN)g]^ ) equal to 1.05 x 10 ^ M Further, transforming 

expression (4) and taking logarithm, we get 


JC 

log — {l + K^[h'^] + K^KjLh'^]^ - 


[H*] 


=: log(k 2 K^K 2 ) + log [h"*"] ... (6) 


A plot of left hand side of equation (6) versus log [h"*"] 
is linear (Fig. VI. B. 5) the slope of which is close to one and 
the intercept gives an estimated value of k^ equal to 6.0 x 10 
M~ls”l. This is consistent with the observation that the rate 
below pH 8.5 is extremely slow. 


VI.B.4.2 Effect of Temperature on Rate 

Activation parameters for this reaction have been calculate( 
from the Arrhenius plot in the temperature range 25-4 0°C and the ; 



• • 
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values are: = 28.2 + o.l kJ mol“^ and = -176 + l jk"^ 

wol , Pig. VI. B. 6 shows a plot of enthalpies of activation 

versus the entropies of activation for the oxidation of a few 

arainocarboxylic acids , viz. DTPA, EDTA, EDTPA, IDA and NTA by 

[Pe(CN)g]^ . A linear relationship indicates that the oxidation 

of all these substrates proceeds by a common mechanism. The slope 

of this line gives the isokinetic temperature as 26 + 3°C. At 

this temperature all these aminocarboxylic acids react with 

[Pe(CN)g] at comparable rates. It may be pointed out that our 

conditions were not identical with the conditions used for other 

l4 

aminocarboxylate reactions. 

VI.B.4.3 Effect of Ionic Strength on Rate f 

3— ■ ^ 

The rate. of reaction between [Fe(CN)g] and DTPA was studied 

over a range of ionic strength. The second order rate constants j 

15 

were found to obey equation (7) given by Bronsted and Bjerrum. 

log = log k^ + 1.018 Z^Zg.v/X/(l + /Ij) ••• (7) 

The value of the product Z.Z„ has been calculated from the 

A ID 

slope of this plot (Fig. VI.B.7) . 

VI. B. 5 DISCUSSION 

The kinetic data given in Table VI.B.l and plotted in 

S'" . 

Figure VI.B.l are consistent with the interaction of L with 
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Fig -VI .B. 6 A plot of enthalpy of activation 

versus entropy of activation for 
the oxidation of some amino - 
-carboxylates by [Fe(CN)^ at 

25°C and l=0.45M. 




log k2 
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- 0-70 

- 0-80 

- 0-90 

-l-OO 

-MO 

- 1-20 

- 1-30 

(#)/(! + /t)—> 

Fig.Vl.B.7 Effect of ionic strength on the reaction of 
[F«(CN)^^' with DTPA:[Fe(CN)|^=5x10^M, 

|PTPA3^ pH=i11.0 ±0.02 ,temp=35±0.1°C 



0-28 0-32 0-36 0-40 0-44 
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hexacyanoferrate(III) in the rate-determining step. Addition of 
hexacyanoferrate (ll) in the concentration range 5 x to 

o X 10 M does not retard the reaction rate indicating that the 
reaction is essentially irreversible. The presence of cyanide in 
the concentration range 2.5 x lo"^ to 7.5 x lo“^M also, does not 
materially affects the forward rate ruling out the possibility of 
prior dissociation, 

Th^ effect of ionic strength on the rate constant presents 
an interesting feature in that the value of Z^Z^ct is smaller 
than the expected value if the only reactants were [Pe(CN)g], 
and [dtPa]^”. This is not entirely unexpected because DTPA and 

other aminocarboxylates are known to form complexes with alkali 

,^16 ' '' 

metals of moderate stabilities (^aDTPA ” 'SoDTPA ~ 4.84). | 

In the presence of three k"*" , ions released from dissociation of | 

+ ' i 

K 2 [Pe(CN)g] and large excess of Na present due to addition of 
NaClO./ significant concentration of DTPA is present as complexes ; 
of either Na"** or k'*' and hence smaller effective value of 

specific salt effects have also been observed in the present 

' ' i 

reaction system. The second order rate constants increase on } 

' 1 

changing Na"^ or at constant ionic strength, A similar behaviour, 

14 I 

has been observed in the hexacyanoferrate (III) oxidation of ^EDTA j 

I 

and also in the hexacyanoferrate (III)— hexacyanoferrate (ll) exchange. 

reaction. The values of rate constants in the presence of Na'’’ i 
or k’*' ions (2.5 x 10”^M each) are 7.93 x 10 M s and 2.5 x iO 
j^-lg-l i-espectively. A third factor, which- appears to affect the 
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values of Z^Z^, is the possible formation of ion pairs between 
[Fe(CN)g] and/or DTPA with the cations present in sufficiently 
high concentration in the reaction medium. 

The spectral changes occurring during a typical kinetic 
run have been recorded and the results are shown in Figure VI, B. 8. 
There is a continuous decrease of absorbance at 410 nra and a 
corresponding decrease in the peak height at 303 nra as well. 
[Fe(CN)g]'^. has a weak absorption band at 325 nm but is not obser- 
ved because it gets lost in a shoulder of [Fe(CN)g] at 325 nra. 

As isosbestic point at 281 nm indicates coexistance of 
two species, viz. [Pe(CN)g] and [Fe(CN)g] . The absence of 
any new peak points to the fact that no reaction intermediate is 
possibly present in any appreciable concentration. The absorption 
peaks of other products are likely to be in the UV region where i 

DTPA absorbs strongly and are, therefore, not identifiable. The 

oxidation products of EDTA have been identified as iminodiacetic 

14 I 

acid and glycollic acid. Two specific tests for hexacyano- ; 

j 

ferrate (II), viz. ammonium molybdate and thorium nitrate tests 
confirm the formation of [Pe(CN)g]'^“ as one of the reaction i 

products. I 

I 

The results presented ;above point to an outer • sphere mechan- 
ism of electron transfer from hexacyanoferrate(IIl) to the DTPA 
in a bimolecular step# Under the conditions employed the reactants j 

a.e [re(C«),]^- on .he one hand and and on the other! 
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depending upon pH of the medium. The presence of Na**" and in 
the reaction medium complicates the reaction due to the formation 
of complexes of DTPA with Na and K ' and possibly ion pairs also» 
Specific salt effects are also observed. The highly negative 
value of entropy of activation shows that the activated complex 
obtained in the bimolecular process is highly charged. 
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reactions are NTA and HEDTA. On the basis of experimental obser^ 
vat ions a three step mechanism has been proposed. The effect of 
temperature and pH is also investigated and used to elucidate the ' 
mechanism. 

The fourth chapter is concerned with reactions of the 
bis complex [cdR2]^ and the reaction of [PdR(OH)] with cyanide 
ions# where R represents Par. Kinetic results show that the first 
stage of these reactions proceeds via two paths; (i) a slow cyanide- 
independent dissociation of [cdR2] and [PdR(OH)] into their 

corresponding mono complexes and release of R and OH respectively 

i ' r i 2 — 

and (ii) a fast cyanide-assisted dissociation of l_CdR2J and 

[PdRCOH) ]"” complexes to give the intermediates [cdR(CN)^]^ and 

[PdR(CN)^]^” (x = 1 to 3 ) and finally [cdCCN)^]^*" and [Pd(CN)^]^ 

respectively. 

.Chapter five deals with the results of investigations on the 
multidentate ligand exchange reactions of [PdIDA] with L (L = EDTA 
and TTHA^”") . An interesting feature of these reactions is the 
fast formation of a mixed ligand intermediate [PdIDA.L] which 
decomposes slowly to give respective products i.e. [PdEDTA] and 
[PiTTHA]/^”. The effect of pH and temperature on the formation and 
dissociation of mixed— ligand complexes have also been discussed. 

The sixth chapter consists of two parts. The first part 
describes the kinetics and mechanism of catalytic decomposition of 
hydrogen peroxide in presence of [ (trien) Fe (OH) 2] complex and 
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trace determination of Pe(IIl) by a kinetic method based on this 
indicator reaction. The second part is concerned with the oxidation 
of DTPA by hexacyanoferrate(lll) . The effect of pH, ionic strength 
and temperature on the rate have been investigated. The pH depen- 
dence has been used to resolve the rate constants due to different 
reactivities of the reactants by an algebraic procedure , 

VII.2 SUGGESTIONS FOR FURTHER WORK 

It is realized that the present investigations can be 
extended to many new systems on Pe(IIl), Cd(ll), Pd (II) and other 
centres in oirder to enhance our understanding of the ligand substi- 
tution processes. The following investigations are suggested, 

(i) Study of the reactions of some mono-, binuclear— and 
bis— polyamine complexes of Fe(lll) with cyanide ion. 

( ii) A kinetic study of the reactions of complexes 

of some macromolecules of Fe(IIl) with monodentate cyanide 
and other multidentate ligands. 

(iii) Study of the reactions of CN with some binuclear Ni(Il) 
chelates such as Ni^TPHA (TPHA is tetraethylenepentaamine- 
heptaacetic acid). 

( iv) Investigation ofthe reactions of polyaminocarboxylato 
complexes of Pd(Il) and cd(Il) with cyanide ion. 
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(v) study of some exchange reactions on aminocarboxylato— 
ruthenate (III) complexes with cyanide ion and to compare 
their behaviour with corresponding Fe( III) and other metal 
chelates. 

(vi) Exploration of possibilities of using ligand siibstitution 
reactions as a kinetic tool for the determination of metal 
ions and ligands. 

(vii) Stud^ of the reactions of some amino acid complexes of 
Pedll) and Ni(Il) with mono and multidentate ligands. 

(viii) Study of the kinetics and mechanism of formation of 
octacyanomolybdate(V) and octacyanotungstate (v) from 
polyaminocarboxylato and polyamine complexes of Mo (V) and 
W(V) . 
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